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FOREWORD

This report was prepared by Hughes Aircraft Company, Culver City,
California, Radar)Avionics, under U.S. Air Force Contract F33(615)-74-C-9098,
initiated und_ti}{ Project 2049, Task 01, and Work Unit 05.

The work was administered under the direction of the Control Systems
Development Branch of the Flight Control Division, Air Force Flight Dynamics
Laboratory, Air Force Systems Command, Wright-Patterson Air Force Base,
Ohio by Ralph E. Guth (AFFDL/FGL), Project Engineer.

This report covers work performed from May 1974 to April 1975. The
project was directed by D. K. Eto. The simulation facility integration was
directed by J. W. Weber, with analytical support from D. W. Streuber,

H.F. Eide, T.A. Bossler, and B. Ulrick. E. Streeter conducted the simula-
tion trials.

This report was submitted by the author in April 1975.
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SECTION I
INTRODUCTION

The overall objectives of the Tactical Data System program are:
(a) to demonstrate the multi-mode aspects, capabilities, outputs, design
validity and crew interface characteristics of a baseline integrated control
data management system concept for single pilot, multi-role tactical aircraft
projected for the 1975-85 time period; (b) to compare and document the
capabilities, advantages and limitations of the baseline system with current
systems in present day aircraft; (c) to evaluate those areas of the baseline
system concept, which have been identified under Contract F33615-75-C- 1262
as being critical to single pilot performance of the complex design mission;
(d) to define unique facility requirements and recommendations for imple-
menting integrated flight data management system concepts on the Air Force
Flight Dynamics Laboratory simulation facilities; and (e) to provide design
criteria to the DAIS program in the area of integrated flight control/weapon
delivery steering algorithms.

To meet these objectives the efforts of this study were directed
toward a design, implementation, and test of a real-time, integrated flight
control/weapon delivery system simulator. The system is implemented in
a cockpit mockup with active controls and displays, two digital computers,
and an analog computer,

This study focuses on the air-to-ground mission; it mechanizes those
functions required to realize an all-automatic weapon delivery capability and
also integrates the controls, displays, and symbology required by the pilot
to perform some of the air-to-ground attack functions manually. This simu-
lation was then used to measure the pilot's relative workload when the manual/
automatic boundary is moved, that is, when manual or automatic aircraft
steering are provided to the pilot. In addition, a measure of the pilot's capa-
bility to perform an air-to-ground attack using a vertical situation display
(VSD), head down, was taken. These simulated attacks were performed
under a variety of external conditions, which provided varying pilot workload.

This simulator is an expansion of a simulator that was implemented
and tested under Contract F33615-73-C-3123, completed in May 1974 (Refer-
ence 1). The present system expands the region of operability to include
variable aircraft velocities, altitudes and dive angles, wind disturbances, and
sensor noise. The head-down attack capability was added with FLIR or TV
imagery, coordinated with aircraft motion, being presented through a VSD.
The generic aerodynamic/flight control model of the earlier version was
replaced by the A-7D aerodynamics and the flight path (FP) mode of the
A-7D multimode flight control system model. The autopilot was modified to
be able to handle nonzero wind conditions. A separate autopilot derived using
optimal control techniques is available for integration. Because of budget and
time constraints, the optimal autopilot was not incorporated into the simula-
tor, but is discussed in Appendix IV.




Under Contract F33615-72-C-1262 completed in May 1973 (Refer-
ence 2), a baseline integrated data management system concept was developed
for a single-pilot, multiple-role tactical aircraft projected for the 1975 to
1985 time period. In that study, a tentative boundary between manual and
automatic operations was established for all phases of an air combat missicn
and a strike mission.

During the study documented in Reference 1, the benefits of automatic
target tracking over manual target tracking in both system accuracy and
pilot workload hecame so apparent that automatic tracking was made a system
requirement for the present study. With target tracking, an automatic
weapon release function can be implemented and is also included in the sys-
tem design. Thus,manual target tracking and manual weapon release are no
longer options in the present system.

The purpose of the man-in-the-loop experiments, performed in the
present study, was twofold: 1) to determine the system accuracy under
various conditions -- head-up and head-down, manual and automatic aircraft
steering, various release conditions, and with avionic sensor noise; and

2) to determine the pilot workload-pilot performance relationship over this
operating region.

The designs implemented and tested in this study represent another
step in the development of a flight command core of functions and functional
requirements. The impetus to the development of these functional require-
ments is the emergence of digital flight control and avionic systems. Digital
flight control systems in aircraft, designed integrally with the aircraft aero-
dynamics through control-configured vehicle concepts, do not automatically
ensure a superior air weapon system. The precise and variable control
available to a pilot must be used intelligently and in a timely manner to
realize its benefits. The means by which the new capability is exploited is
the flight command system. The Tactical Data System of which the autopilot
in the present study is a part, provides functions of system status, pilot
assist, and automatic flight commands.

The report begins with a summary of the principal outputs, conclu-
sions, and recommendations in Section II, followed by a description of the
manned simulations and a discussion of the results (Section III), a descrip-
tion of the simulation hardware and software (Section IV), and concludes
with recommendations of a procedural nature.




SECTION II
SUMMARY

The efforts on this study resulted in several outputs considerably
different from the outputs documented in Reference 1. These are:

° A real time simulator of a single -seat multirole aircraft in an
air -to-ground mode integrating two general-purpose digital
computers and an analog computer with a HUD, VSD, and flight

controls

® Implementation of an angle rate bombing system,simulated sensor
noise, and two Kalman filters to process these noisy
measurements.

° Two autopilots, an improved version of one developed for the
previous study, and one derived under more generalized
conditions.

L System performance meas ured under various external conditions,

and pilot performance versus pilot workload.

The conclusions that apparently are forming from the limited amount
of data that was gathered, and analyzed are:

° HUD to VSD and VSD to LUD transitions during the terminal
portion of an air-to-ground attack are feasible and do not result
in weapon delivery degradation.

° An autopilot function during terminal attack allows the pilot to
operate from a VSD (head-down) and still maintain an external
target detection performance comparable to that of a pilot oper-
ating from a HUD (head-up)

° When limited time is available to perform weapon delivery, and
workload increases substantially, an autopilot function serves to

improve weapon delivery performance over manually controlled
flight.

® Weapon delivery performance is enhanced significantly with an
autopilot flight command function when the scenario dictates that
the pilot pay close attention to the possibility of air attack. Other-
wise, the pilot can do the job manually as well as the autopilot.

° The presence of wind did not significantly affect manual weapon : |
delivery performance. The autopilot performed as vzell as the
pilot in removing the errors.

™ If a pilot can detect, acquire, and lock onto a target at a range of
H 5 to 8 miles, by whatever means, he can deliver a free-fall
weapon equally as well head-down as head-up.

oo
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Recommendations of a procedural nature related to the integration,
test, and validation of the simulator are provided in Section V.

Several natural extensions to this effort are recommended, assuming
flight test is not a practical reality, to further validate the usefulness of the
autopilot flight command function for an air-to-ground mission.

° Have the pilots vary their division of attention between the lights
and weapon delivery tasks but keep their attention to the total
task, lights and weapon delivery, constant and fully occupied.
This procedure will result in a better assessment of workload-
performance relationship.

e Incorporate the newly derived autopilot into the simulator to
assess its performance in reducing pilot workload.

° Transfer the simulation to a moving base simulator to assess the
effect of autopilot-induced aircraft motion on pilot performance.

Additional runs are being run to further substantiate the conclusions
drawn from work accomplished to date and a supplement to this report will
be published to document the findings.
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SECTION III
SIMULATION TESTS

3.1 PURPOSE AND OBJECTIVES

The output of the simulation tests are of two types: total system Cross
track miss, and pilot workoad versus pilot steering performance. The first
type of data shows the impact of the flight command function on the total
weapon system task, and the second is intended to clarify the benefits of the
flight command function on the pilot's performance and workload. The data
output format (Figure 1) shows the relationship between pilot workload
and performance for an aircraft with an integrated autopilot for weapon
delivery, and one without, for several external conditions. (See paragraph3.2.)

The current phase of the tactical data system (TDS) test program
broadened the scope of the initial test series by examining the impact of
several additional variables on weapon delivery performance and pilot work-
loads. A head-down weapon delivery capability was added to the basic head-
up visual-target simulation. The no-wind condition was modified to provide
a range of wind directions and velocities. More realistic conditions were
provided with the addition of sensor and mechanization noise. A true air-
speed regime from Mach 0.5 to 0.9 was available. The weapon delivery was
performed at altitudes of 1000 and 5000 feet in both level or dive profiles.
The feasibility of preprogrammed evasive maneuvers was also investigated.
In addition, various combinations of these variables were simulated and
evaluated.

Two features used in the previous simulation, manual target tracking
and manual weapon release, were deleted from the present simulation be-
cause they are not usually a part of a modern, single seat weapon delivery
system.

The impact of these variables on weapon accuracy and pilot workload
during a terminal attack were evaluated in a series of test trials. An indivi- v
dual trial consisted of a terminal attack run initiated at a range of 8 to 9 miles h
and terminating with weapon release. The trials were performed by experi-
mental test pilots experienced in air-to-ground operations and the use of
advanced display and control technology.

Weapon impact accuracy was the prime indicator of mission success.
External target recognition was compiled as the measure of pilot workload.
Pilot initiated aircraft heading changes were also recorded, but external tar-
} get recognition was judged to be a better measure of pilot workload. These
data were then analyzed for individual and combinations of variables to
quantify the impact of TDS features, mission, and environmental factors on
overall mission performance. The overall goal is the determination of a set
‘{ of design criteria which will be applicable to advanced integrated weapon/
delivery flight control systems. {
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3,2 TEST DESCRIPTION

Terminal Attack Parameters

The TDS simulation of the weapon delivery phase of the fighter-bomber
(F-B) mission focused on the terminal attack segment and accommodated the
following operational parameters,

1) Range — The simulated attacks were initiated at approximately
T to 9 miles from the target, or 1 minute out.

2) Airspeed — A range of speeds from Mach 0.5 to 0.9 were available
Tor ind vidual weapon delivery runs. Each run was flown at a
constant, preselected airspeed. There was no throttle control
available to the subject,

Flight Altitudes — The attack was initiated at altitudes of 1000 and
5000 feet. The attack was flown at either a constant altitude or
through a dive maneuver. The pilot subject had normal pitch
control through the flight stick.

Wind — The attacks were conducted in a no-wind environment or
with a selected wind condition in terms of velocity or direction.

Ground Target — A simulated tank target was used in all attacks.
Atmospheric conditions which permitted initial visual detection
at a range of approximately 5 miles were assumed,

External Targets — Airborne targets were simulated by 20 lights
positioned at the 9 through 3 o'clock positions external to the
cockpit, Individual lights were illuminated randomly in terms

of sequence and time interval. The lights remained on for a period
of 1 second, or until extinguished by pilot trigger action. The
interval between illumination of the lights was randomly varied
from 1 to 5 seconds.

Previous analyses conducted under Contract F33615-72-C-1262 high-
lighted the criticality of the weapon delivery phase of the F-B mission to over-
all mission success, During this mission segment, the pilot must manage the
tactical sensor, navigation, armament and ECM systems, maintain visual
surveillance of potential air-to-air and ground-to-air threats, communicate
with a forward air controller and other friendly aircraft, and fly the aircraft.
All of these tasks must be performed while attempting to successfully deliver
a weapon to a target. The combination of mission criticality and pilot task
complexity prompted the selection of this mission segment for simulation and
use as a framework for the evaluation of key TDS concepts.

TDS/Simulation System Features

The TDS simulation made a series of system features available to
pilot subjects for the conduct of the terminal attack. Included were attack
steering, flight control, weapon release, cockpit display, and maneuvering
features,
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1) Attack Steering — Two types of attack steering were provided.

3 a) Computed azimuth lead (CAL) — Azimuth steering guidance
Yirected the aircraft to a flight path and weapon release
point from which the weapon would impact the target. !

b) Continuous computed impact point (CCIP) — A display pre-
sentation of the impact point of the weapon was provided.

2) Flight Control — The pilot had the option of manual flight control
(pitch and bank) through a standard flight stick or autopilot
flight control. In autopilot, the aircraft flies straight and level
until target lockon. Following lockon, the aircraft automatically

responded in the lateral direction to attack steering commands
up to the point of weapon release.

3) Weapon Release — An automatic weapon release feature was
provided.

4) Cockpit Displays — Two displays were provided for flight control
and weapon delivery.

a) Head-up display (HUD) — A HUD was available for simulated
visual target acquisition, normal flight control, and attack
steering,

b) Vertical situation display (VSD) — A VSD was provided for
simulated TV sensor acquisition of the target, flight control,
and attack steering.

5) Attack Maneuverirsy — Automatic aircraft maneuvers were provided
for use during the interval between target acquisition and weapon
release when operating on autopilot.

| Terminal Attack Tasks

In the conduct of the simulated terminal weapon delivery phase of the
F-B mission, the following tasks were required of the pilot subject.

1) Target Sighting — A simulated ground target was presented to the
pilot at a range appropriate for the acquisition technique and dis-
play device being used. Ifa visual attack, using the head-up
display was being simulated, the target appeared at a range of

J approximate 5 miles. When a head-down sensor attack was being
simulated, the target was presented at ranges up to a maximum

of 8 miles. In both cases, the target increased in size as the
aircraft approached the target.

i 2) Target Acquisition — The pilot designated the sighted target for
tracking on either the head-up or head -down display. A designa-
tion cursor was positioned over the target and simulated sensor
lockon was commanded. A finger operated force controller was
provided on the throttle for positioning of the cursor and designha-
tion (Lockon) of the target.

8




!l.' 3) Target Tracking — Tracking of the target was performed auto-
h matically by a simulated TDS automatic tracking function.
|

k 4) Aircraft Steering — The pilot could fly the aircraft manually or on

autopilot throughout the weapon delivery sequence. Following

target lockon, weapon delivery steering information was pre-

sented on the selected display. The pilot could manually fly the

aircraft in response to the steering commands, or the aircraft

responded automatically if autopilot had been selected. |

The steering symbology, as described in Section 4, represents |
a minor modification to the symbology used in the initial study.
Subjectively, the pilot subjects reported that the new symbology

was easier to use. There was no attempt to quantify any per- |
formance difference between the two symbology configurations.

However, since performance was virtually identical, the real

impact of the change is felt to be minimal.

5) Bomb Release — Release of the simulated weapon was performed
as an automatic TDS function.

6) External Target Recognition — Throughout the weapon delivery
segment, the pilot was asked to maintain visual surveillance
outside the cockpit. Simulated external targets in the form of
lights at selected positions were illuminated periodically. The
pilot responded to the light by depressing the trigger located on
the control stick..

3.3 STUDY VARIABLES

The experimental program was configured to provide empirical per-

formance data relative to a series of TDS features and operating environment

variables. Individual variables were evaluated in an initial series of experi- i
| mental trials. These trials were followed by additional series which exam-

ined the experimental variables in combination. The basic objective through-

out the entire program was that of identifying the impact of individual vari-

ables and combinations of variables on weapon delivery performance and

pilot workload.

~

Head-Up/Head-Down Weapon Delivery k
The relative merits of simulated head-up (visual), head-down (sensor), 1
, and combination head-up/head-down weapon deliveries were evaluated in
i terms of release point accuracy and pilot workload. This portion of the pro-

gram was conducted in three parts:

‘ 1) Head-Up versus Head-Down Weapon Delivery — Pilot subjects

performed a series of simulated visual weapon deliveries using

the HUD. These runs were conducted using CAL and CCIP
guidance, and manual and autopilot aircraft steering. The HUD
runs duplicated trials performed during the initial contract
period and provided a basic bridge between the two study efforts
that provided a basis for final evaluation of the total two-part |
program. ‘




A second set of trials was performed head-down using a simu-
lated TV sensor presentation on a VSD. CAL guidance and
manual and autopilot steering were used.

A direct comparison of head-up and head-down performance was
made in terms of release point accuracy and pilot workload as
indicated by external light detection these data provide.

2) Head-Up to Head-Down Transition — The availability of both a
TUD and a VoD permitted an initial investigation of the impact
of transitioning from a HUD to a VSD during the course of a
weapon delivery. This is a significant factor in situations where
the visually acquired target passes under the nose of the aircraft
prior to reaching a weapon release point, A series of trials
were conducted to establish a performance tie to the full HUD or
VSD run.

3) Head-Down to Head-Up Transitions — A sensor capability may
provide for relatively long-range target detection. The target
may appear on the VSD at ranges beyond those at which visual
acquisition may be made using the HUD. Therefore, the final
HUD/VSD option was that of an initial target acquisition on the
VSD with a transition to the HUD for target tracking and air-
craft guidance to weapon release. A final set of trials were con-
ducted to provide data for evaluation relative to HUD, VSD, and
HUD/VSD performance.

Wind Effects

The initial study series trials were conducted in a no-wind environ-
ment. The current series introduced a selected wind component to investi-
gate the potential impact of wind on release point accuracy and pilot workload.
A set of trials were performed using the HUD and CAL guidance. The factors
which were varied were aircraft steering and wind. The pilot subjects flew
the aircraft manually or on autopilot. ¢:

Release point accuracy and workload data were compiled for the se-
lected wind conditions and evaluated relative to those data obtained for the
earlier no-wind HUD trials.

Altitude

An increase in the altitude at which the weapon delivery is flown
typically decreases the time interval available to the pilot between target
acquisition and weapon release. A series of trials were directed to the
evaluation of the impact on release point accuracy and workload created by
raising the initial flight altitude of the weapon delivery run from 1000 to
5000 feet. Release point accuracy data were compared for 1000 and
5000 feet as was external light detection.

Complex Variables

A series of trials were conducted to evaluate release point accuracy
and pilot workload under the influence of a combination of the typical

10
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operational variables. Wind and altitude were combined with manual and
autopilot flight control to provide an increasingly more complete opetrational
¢ context for the performance of the attack run. Accuracy and workload data
for the complex variable runs were compared with data for the basic vari-
able runs to identify any change in performance accruing from the buildup in
operational factors.

Maneuvering

Automatic diversionary maneuvering was evaluated on a limited basis
to demonstrate the feasibility of this feature in an integrated Tactical Data
System. Candidate maneuvers were developed during the simulation mech-
anization effort. Release point accuracy and workload data are compared for
nonmaneuvering and maneuvering trials to identify any degradation resulting
from the addition of the maneuver,

Dive Profiles

A final series of trials were configured to provide the pilots with an
opportunity to initiate a dive toward the target following lockon. The dive
maneuver was manually controlled (there is no vertical component in the pre-
sent guidance techniques) and is performed by nosing over the aircraft to a
desired dive angle (or to the target) as dictated by the initial altitude and i
display/sensor capabilities.

This series is designed to demonstrate basic feasibility. High bomb
dive angles are beyond the capabilities of the current simulation and may be
| considered for future evaluation in a flight test program.

' 3.4 SUBJECTS AND TRAINING

The four pilots who participated in the initial test series again served
as subjects in this study. These pilots have an average of over 6000 hours
| flight time which includes jet air-to-ground attack experience. They are cur-
rently engaged in experimental flight test programs.

The combination of background, plus experience in the initial test
series, minimized training requirements. Refresher trials were provided
to bring subject performance up to the levels established in the initial pro-
gram, Additional familiarization was provided in the use of the VSD, in the
performance of the dive maneuver, and in the performance of the attack in
wind conditions and from a 5000-foot initial altitude. Prerequisite perform-
J ance standards were established as a training criteria for all subjects prior
to initiating the formal test series. , |

i 3.5 STUDY TRIALS

The experimental program consisted of a series of 300 terminal
’ attack trials as shown in Table 1. The standard trial unit was five replica-
tions of each condition by four subjects unless otherwise noted. These trials
were configured to exercise the seven study variables in the following
l segments,

i
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Head-Up versus Head-Down Weapon Delivery — A total of

120 trials were performed. Wind, altitude, and airspeed were
constants. Guidance, aircraft steering, and the display media
will be varied.

HUD/VSD Transitions - 40 trials — Two subjects performed the
transition tests, Guidance, wind, altitude, and airspeed were
constants. Aircraft steering and display sequences were varied.

Wind - 40 Trials — Two wind conditions were evaluated, Guid-
ance, display media, altitude, and airspeed were constants.
Wind factors and aircraft steering were varied. Data from the
CAL/HUD/no-wind trials (segment 1) were added to the test wind
condition for a total evaluation unit of 80 trials.

Altitude - 40 Trials — Two altitudes were used. Guidance, dis -
play media, wind, and airspeed were constants. Altitude and
aircraft steering were varied. Data from the CAL/HUD/
1000-foot trials (segment 1) were added to the 5000-foot data for
a total evaluation unit of 80 trials.

Maneuver - 20 Trials — A preprogrammed maneuver was intro-
duced after lockon prior to weapon release. All trials were per-
formed on autopilot with CAL/HUD/no-wind/1000 feet/480K.

Dive - 20 Trials — Dive attack runs were initiated from
5000 feet. They were performed under manual flight control
with CAL/HUD/no-wind/480K conditions.

Combinations - 20 Trials — Two subjects performed the complex
variable trials. Guidance and display were constant. Aircraft
steering, wind, and altitude will be varied.

3.6 RECORDED DATA

The basic data configuration used in the initial study was retained for
this study. Performance data was collected and recorded as an integral
feature of the computer based simulation system. Four major data items
were recorded.

1) Weapon Impact Accuracy — The key indicator of pilot and system
performance was weapon impact accuracy.

2) Target Tracking — Manual cursor positioning actions were
Tecorded as a pilot workload component.

3) Aircraft Steering — The number and magnitude of heading changes
made by the subject in steering to the bomb release point were
recorded as a second workload component.

External Target Detection — The number of external target lights
detected by the pilot were recorded as the primary indication of
pilot workload.




3.7 DATA ANALYSIS

The data values measured during each simulation were printed out at
the end of the run. These data were also stored on magnetic tape for later
data analysis.

The data were analyzed using both descriptive and inferential statis-
tics. The descriptive statistics included means and standard deviations.
Plots were made which describe the relationships between the variables
investigated and the various performance measures. A major change in the
measure of pilot workload occurred during the current study. An initial
evaluation of pilot tracking actions and heading changes revealed that there
was no consistent identifiable difference in these workload factors across
the series of test conditions. However, there was a clean, statistically
significant difference in the detection of external lights as a function of study
variables, Therefore, the light detection measure is used as the sole
criteria of pilot workload in the data analysis.

An analysis of variance was used to test the reliability of the differ-
ences in performance caused by each of the variables for the different per-
formance measures. The Newman-Keuls sequential range test was used to
test between levels of variables where three or more levels exist for a
variable. Eta values were computed as an index of the practical significance
of the variables for the different performance measures. Where appropriate,
correlation analysis was employed to test for relationships between the differ-
ent performance measures, €.g., between release point accuracy and pilot
workload,

The recorded and analyzed data form the nucleus from which the
results of the simulation were developed and the implications to tactical

data system design established.

Head-Up versus Head-Down

Weapon delivery accuracies were virtually identical for head-up and
head-down trials. All weapon delivery accuracies in this report are bomb
impact accuracies in the cross-track direction only. Since along track
errors for all configurations are mechanization errors independent of con-
figuration and not dependent on pilot performance, these were lett out of the
comparisons in order to show more clearly the effect of different configura-
tions and release conditions. When using the HUD, average cross track miss
distances were 14. 63 feet when the trial was flown manually, and 8.55 feet
when operating on autopilot. When using the VSD, the average cross track
miss distances were 14.0 and 8.7 feet (Table 2).

External target detection performance was influenced by operating
head-down in using the VSD, As shown in Table 3, when flying manually,
19.3 percent of the lights were not detected when using the HUD. When
using the VSD, the undetected lights were 30. 8 percent of the total. This
twofold increase was statistically significant at the 0. 05 to 0.10 level (i.e.,
the probability of these results occurring by chance is less than 10 percent,
but greater than 5 percent).




TABLE 2. HUD VERSUS VSD CROSS TRACK MISS DISTANCE (FEET)

Display

HUD

VSD

Subject

Flight
control

Manual

Automatic

Manual

Automatic

13.4
12.4
16..8

16.2

14,6

16.8

9.6

14.0

14.0

TABLE 3.

HUD VERSUS VSD MISSED LIGHTS

Display

HUD

VvSD

Subject

Flight
control

Manual

-

Automatic

Automatic

4

Average

10.8
12.8
29.6

24.2

19.3

13.4
14.6
24.4

23.4

18.9

48.2

30.8

14.4
17.4
25,2

38.2

23.8

When operating on autopilot, the trend was visible although not statis-
tically significant. When using the HUD, 18.9 percent of the lights were
undetected, and 23,8 percent when using the VSD, It may therefore be con-
cluded that, based on the data above, in-cockpit workloads are significantly
greater when using the VSD and flying the aircraft manually. This effect is
minimized when the aircraft is flown on autopilot.

HUD-VSD Transitions

A brief series of trials were conducted to demonstrate the feasi-
bility of transitioning between the HUD and the VSD during the course of a
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weapon delivery run. As shown in Table 4, when acquiring the target on the
HUD and transitioning to their VSD, average cross track miss distances of
15.1 feet (manual) and 9.1 feet (autopilot) were achieved., These results
were virtually identical to those achieved when flying the HUD -- 14.6 and
8.5 feet,

When initially acquiring the target on the VSD and transitioning to the
HUD, slight improvements to 11.3 feet (manual) and 7.6 feet (autopilot) were
realized. This is probably a result of the fact that earlier target acquisitions
were made when using the VSD. The earlier acquisition made more time
availabie for maneuvering to the release point and resulted in improved
positioning at the weapon release point.

Workloads, as indicated by the number of undetected external targets
(Table 5), were comparable to those experienced when using the VSD
throughout the trial.

In summary, the use of both the HUD and the VSD during a weapon
delivery run is feasible and compatible with the tactical data management
features providing steering and flight control.

Wind

It was anticipated that the addition of a wind factor to the weapon
delivery task would result in greater miss distance values and/or an in-
crease in the percentage of external target lights that went undetected. The
average miss distance values (Table 6) provided mixed results in terms of
weapon delivery performance. When the trials were flown manually, average
miss distance was 14,63 feet. With the addition of the wind factor, perfor-
mance was virtually identical - averaging 14.85 feet. On autopilot, a signif-
icant difference (>0.001) was recorded with a no-wind average miss distance
of 8.55 feet increasing to 15,8 feet with the addition of a wind factor.

The lack of a significant difference in performance when flying
manually is subjectively attributable to the observation that the subjects
accepted the wind condition as a challenge and simply worked harder at per-
forming the required control actions. This contention is supported by ex-
ternal target detection performance (Table 7). When flying manually, an
average 19.3 percent of the lights went undetected in the no-wind trials.
When wind was added, 32.8 percent of the lights were not detected. This
increase was statistically significant (<0.025) and indicated that the subjects
were, in fact, working much harder at the basic w-apon delivery task and
devoting less attention to the external targets.

On autopilot, the decrease in external target detection was again
evident -- 18.9 percent for the no-wind case and 24.7 percent for the trials
with wind. While this difference was significant to only a limited degree
(0.10 to 0.20), it was indicative of greater attention being directed to the
weapon delivery task when a wind factor was present.

In summary, the presence of wind did not significantly influence
weapon delivery performance. It appears that additional effort may be
required to improve the steering algorithms in compensating for wind. Im-
proved autopilot performance may also serve to reduce the pilot monitoring
task and thereby reduce workload.




TABLE 4. DISPLAY TRANSITIONS — CROSS TRACK MISS DISTANCE

Miss distance (feet)

Transition

Flight
control

HUD
to
VSD

Manual

Autopilot

LT

. 1L

1],

7.6

TABLE 5. DISPLAY TRANSITIONS - MISSED LIGHTS

Missed Lights (percent)

Transition

Flight
control

HUD
to
VSD

VSD
to
HUD

Manual

Autopilot

2749

¥d31

32.4

22.6

TABLE 6. WIND/NO WIND CROSS TRACK MISS DISTANCES

Average Miss Distance (feet)

Wind factor

No wind

Flight
control

Subject

Manual

Autopilot

Autopilot

13.4
12.4
16.8
1'6 .2

14.6

14.6
17.4
180
13.2

15.8




TABLE 7. WIND/NO WIND MISSED LIGHTS
Missed Lights (percent)

Wind factor Mo wind

Flight
control

Subject Autopilot Manual Autopilot

13.4 28.2 18.4
14.6 .0 12.6
24.4 32.2
23.4 ; 35.2

Average 1 18.9 ; 24,7

Altitude

As the altitude at which the weapon delivery runis performed is in-
creased, the time interval between a target sighting (assuming a constant
detection range) and the weapon release point decreases. In theory, the
pilot having less time to maneuver to the release point must maneuver more
rapidly and is more likely to incur greater miss distances.

A series of trials were conducted at an altitude of 5000 feet. Average
miss distance for these trials was compared with performance at the
1000-foot altitude. As shown in Table 8, when flying manually, average miss
disiance for the 1000-foot runs was 18.15 feet, and 28.25 feet for the 5000-foot
runs. While this difference had only limited significance statistically (0. 10),
the full impact of the reduced operating time is reflected in the external tar-
get detection data shown in Table 9. At 1000 feet, 15.5 percent of the lights
were undetected. At 5000 feet, 37.3 percent of the lights were undetected.
This significant difference (<0.005) strongly indicates that the weapon de-
livery task is more demanding at a higheraltitude such as 5000 feet when the
maneuvering time is reduced.

When flying on autopilot, results were relatively uniform at both
altitudes and considerably superior to flying manually in terms of miss dis-
tance. Average miss distances of 8.55 feet (1000 feet) and 10.3 feet
(5000 feet) were far better than those achieved when flying manually.

These data clearly indicate that when flying manually, workloads, as
measured by external target light detection, increase significantly. A
major improvement in pe rformance accuracies, when flying on autopilot,
was indicated by the miss distance values which were achieved.




TABLE 8. 1000/5000 FEET — CROSS TRACK MISS DISTANCE

Miss Distance

Altitude 1000 feet 5000 feet
Flight
control
Subject Manual Autopilot Manual Autopilot
1 13.4 8.8 20.6 8.0
2 12.4 10.0 18.2 12,0
3 16. 8 7.6 32.6 10.0
4 30.0 7.8 41.6 13.2
Average 18.1 8.5 2852 10.3
TABLE 9. 1000/5000 FEET — MISSED LIGHTS
Missed Lights
Altitude 1000 feet 5000 feet
Flight
control
Subject Manual Autopilot Manual Autopilot
L 10.8 13.4 16.0 20.4
2 12.8 14.6 43.4 25.4
3 29.6 24.4 36.0 33.6
4 24.2 23.4 58.2 33.2
Average 19,3 18.9 37.3 2208 o

Control/Altitude/ Wind Combinations

A brief series of trials were conducted to obtain initial data on the
impact of a combination of variables on performance. These trials were

flown at 5000 feet with a wi

control. The results were virtually identical.

ten trials was 34.7 feet when flying manually,

autopilot.

19

nd component using manual and autopilot flight

Average miss distance for

and 33,2 feet when flying on
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The more difficult conditions were also reflected in the precentages
of undetected lights -- 42.9 percent when flying manually, and 30.5 percent
when operating on autopilot.

The limited number of trials preclude any major conclusions. How-
ever, it appears that the more complex operating conditions will exert a
definite impact on both weapon delivery performance and workload, Further
refinement of the current control techniques and more extensive evaluation
will be required to fully assess the extent of the impact of multiple variables.

Dive

The dive series was initiated at 5000 feet. A 10-degree dive was
entered following target acquisition and maintained to the weapon release
point. Steering was performed manually. Weapon release accuracy and
external target detection performance was comparable to that achieved in
level weapon delivery runs. As shown in Table 10, average miss distance
for the dive trials was 10.65 feet which was slightly better than the 14.63 feet
achieved in level runs. The undetected external target percentage of
34,8 percent for the dive trials is approximately twice that of the 19. 3 per-
cent experienced when flying level.

It therefore appears that the steering provided by the data manage-
ment features will readily accommodate dive profiles with virtually no
penalty in terms of weapon delivery performance. However, manual flight
control during a dive maneuver will impose greater workloads throughout

the run,

Maneuvering

The feasibility of preprogrammed autopilot maneuvering after lockon
to the weapon release point was evaluated in a final series of trials. A pre-
programmed series of maneuvers, consisting of a series of sinusoids of a
3.2-second period and maximum lateral displacement of approximately
100 feet on either side of the nonmaneuvering path, were introduced into the
autopilot steering following lockon. The turns continued through the approach
period until approximately 5 seconds from weapon release. At this point,
the aircraft leveled out and remained level until release. The results are
summarized in Table 11. The average miss distance of 5.45 feet was a
slight improvement of the nonmaneuvering value of 8,55 feet. Therefore, it
appears that automatic maneuvering can be considered as a viable concept
which may be developed more fully as a feature of future tactical data
management system configurations.

The average percentage of undetected external targets is also com-
parable -- 23.5 percent compared to 18.9 percent for nonmaneuvering trials.
There appears to be no problem in terms of workload.

Figure 1 plots each pilot's percentage of lights missed (a measure of
pilot workload) against his aircraft steering performance. All the data
were taken during a CAL weapon delivery mode. The cross track error, as
a result of mechanization, was removed to show just the pilot's contribution
to cross track miss. The data shows that whatever the external condition,
each pilot divided his attention between the lights and the weapon delivery




TABLE 10. LEVEL VERSUS DIVE PROFILE PERFORMANCE

Profile Level Dive

Cross track
miss
distance

Cross track
miss
distance

Result
Missed

Subject Lights

13.4 10.8 6.4

12.4 12,8 7.4
16.8 29.6 .8

1%+ 2 24,2 18.0

14,6 L9 45 10.6

TABLE 1l. MANEUVERING TRIALS

Result Cross track
miss
distance

(feet)

Missed
lights

Subject (percent)

4

5.6
7.4
4.6
4.2

5.45

22

9
37
24

24

Average

task differently. It is apparent that pilot 4 worked considerably harder or
was considerably more capable than pilot 1.

A more universally useful data set could be obtained if the pilot sub-
jects were instructed to vary their attention to the lights and weapon delivery
task, but to keep their total effort constant and to be fully occupied.

It is expected that a larger number of data points (more runs) would
reveal a more well-defined relationship between workload and steering per-

formance. This presentation of the data points out the desirability of extend-
ing the experiments to achieve a better workload/performance relationship.
It is only through high confidence relationships, such as these, can human
factors studies have a real impact on hardware design decisions.




SECTION 1V
SIMULATION SYSTEM TEST INSTALLATION

The implementation of the simulation in support of this program
represented an interesting technical challenge. The scope of the simulation
was increased over prior programs in this area in three ways: 1) a head-
down, electro-optical sensor simulation was added to the simulation, 2) A-7
aircraft aerodynamics and flight controls were mechanized, and 3) tactical
weapon delivery software was mechanized in detail and integrated with a
modified autopilot to permit realistic simulation of the mission scenario
over an increased flight regime and with realistic noise inputs. The challenge
was not in the implementation of any one of the above-named augmentations
to the previous simulation. The challenge, rather, was in the integration of
a simulation that appronched a hot bench facility in its level of detail and
fidelity. For example, three computers (a Xerox 9300, Xerox Sigma 5, and
an Applied Dynamics AD-4) were required for the complete mechanization.
Problems which arose and were solved during integration were related to
information transfer (accuracy, granularity, and timing) among the three
computers just as they might occur in the integration of an air data computer
and a tactical computer in a hot bench or an aircraft.

This section contains descriptions of the physical components of the
simulation, the software, and the integration task.

4,1 MECHANIZATION

The simulation configuration for the Tactical Data System consists of
several functional entities: A-7 aircraft aerodynamics and kinematics,
switching and mode logic for all phases of the air-to-ground weapon delivery
mission, weapon delivery computations, and the physical cockpit/experimental
area. Figure 2 illustrates the relationship of these entities. The following
paragraphs describe the simulation software models and the physical
mechanization.

Software Models

Aerodynamics

The aerodynamic and control system simulation models represent
A-7 aircraft aerodynamic and control system characteristics. The simulation
consists of a linearized six-degree-of-freedom model in which the aero-
dynamic coefficients are assumed constant over the relatively limited flight
regime required for the studies. Pitch and roll commands are derived from
the flight stick. Since the simulator rudder pedals are not active, yaw con-
trol is programmed to provide coordinated turns. Figure 3 shows the lateral
aerodynamics and control system mechanization. Figure 4 shows the longitu-
dinal aerodynamics and control system mechanization. Figure 5 contains
definitions of the terms used in Figures 3 and 4.
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V = AIRCRAFT VELOCITY VECTOR

S = AIRCRAFT ANGULAR VELOCITY VECTOR OF THE BODY-FIXED x, v,z

COORDINATE SYSTEM

u =V, =COMPONENT OF V ALONG x AXIS

v=Vy =COMPONENT OF V ALONGy AXIS

w=V, =COMPONENT OF V ALONG z AXIS

p=w, =COMPONENT OF w ALONG x AXIS (ANGULAR RATE ABOUT x AXIS)
a=wy =COMPONENT OF w ALONG y AXIS (ANGULAR RATE ABOUTy AXIS)
r=w, =COMPONENT OF w ALONG z AXIS (ANGULAR RATE ABOUT z AXIS)

@ = ANGLE OF ATTACK

B = ANGLE OF SIDESLIP
8, = AILERON DEFLECTION ANGLE
8, = RUDDER DEFLECTION ANGLE
3, = ELEVATOR DEFLECTION ANGLE
3 = DYNAMIC PRESSURE (1/2 # V2)
¥ = YAW EULER ANGLE

6 = PITCH EULER ANGLE

¢ = ROLL EULER ANGLE

2 AXIS

x AXIS

y AXIS

Figure 5. A-7 Symbol Definition
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Kinematics
ol ARRE Ao

Aircraft position rates in inertial coordinates are integrated to derive
aircraft position and target position relative to the aircraft as a function of
time. Rectangular integration with a 50 ms step size is used. Target range,
range rate, azimuth and elevation angles, and angle rates are used by the
weapon delivery equations and by the displays program to position and orient
the target on the HUD. This information is also used to drive the television
sensor simulation.

Using the definitions given in Figure 5, angular rates (®,6 ,¥) and
translational rates (%, y, z) were computed as shown in the following matrix
equations:

e | S

) sin®tand cos®dtand p
8 cos® -sin® q

. 0 sind cosd r
L cosB cos6 L

il cos¥cosB cos¥sinfsin® sin¥sind+ &

- sin¥Ycosd cos¥sinBcosy

sin¥cosB cos¥cos® sin¥sinBcosd
+ sin¥sinBsin® - cos¥sind

L -sin® sindcos6 cosBcosd

Switching and Mode Logic

Mode control was provided to permit selection of a number of different
operating modes of the simulation:

1) Head-up display or sensor display
2) Autopilot or manual steering

3) Wind or no wind

4) High altitude or low altitude

5) Sensor track or manual pointing
6) Target acquisition command

7) Run/freeze/restart




Although most of the above mode control is accomplished directly from
hardware switches, in some instances special logic was inserted to augment
the hardwired logic. For example, even when the autopilot mode of the
simulation is selected, the autopilot is not engaged until target track is
achieved. This ensures that the steering signal to the autopilot is valid at
the time it is engaged.

Additional logic was generated to control the lights which are a part
of the visual side task. Individual lights are turned on at random intervals
which belong to a unifcrm distribution. The lights are extinguished either
by depression of the trigger on the flight stick or after a period of time which
is random and independent of the ''off" interval. Elapsed time between onset
and extinguishing of the light is measured and recorded for each event.

The timing of the lights was modified for the present studies in an
attempt to make the visual side task a better measure of pilot workload. In
previous studies, the "on'' time of the lights was a random variable uniformly
distributed between 3 and 5 seconds. This was changed to a fixed interval of
1 second. Correspondingly, 'off'' times were changed from an interval of
2 to 4 seconds to one of 1 to 5 seconds. Thus, the average period of an
"on-off'"" cycle was decreased from 7 to 4 seconds with the '"on'' time much
shorter than before. The success of this change is demonstrated in the
experimental data. The visual side task now represents a much more
sensitive measure of pilot workload.

Sensor Simulation

The simulated sensor image is derived from a television scanner that
is focused on a rear-illuminated transparency. Range-to-target data are used
to drive a zoom lens on the optical axis of the scanner to simulate the effects
of range closure. Sensor pointing angles are used to position the transparency
platform in x and y, permitting slewing of the space-stabilized sensor to
acquire and track the target. Acquisition is accomplished by slewing the
sensor to the target using the throttle-mounted force controller and depress-
ing the acquisition switch. If the targetis within the acquisition gate, track
is enabled. The location of the target on the transparency is input to the
computer by selecting the lcalibrate'' mode and designating the target as in
acquisition. Sensor (transparency platform) coordinates are thus stored for
use in acquisition and track modes during simulation operation.

To provide an accurate, integral simulation, care was taken to ensure
consistency of target/sensor positioning through HUD/VSD and VSD/HUD
transitions as well as in the HUD and VSD modes. The coordinate transfor-
mations from earth to body coordinates and their inverse are given below:

Assume ® and 0 as defined in Figure 5 and the following definitions:

WGGG - azimuth, elevation of sensor line of sight in body
coordinates
a,¢ - azimuth, elevation of sensor line of sight in earth

coordinates (heading stabilized)
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xX,y¥,z - body axes
X,Y,Z - earth axes

Thus, in matrix notation,

cos® o -sin6
sinfsin® cosd sin®cosf

sinBcos® -8ind® cos®cosO

€

G

for the transformation from earth to body coordinates, and

cosf sinfsin® sinBcosd 1

0 cosd -8ind tanﬂG

-sin® sin®cos6 cosdcosh tan €

for the transformation from body to earth coordinates.

Weapon Delivery

The weapon delivery model is predicated on the delivery of free-fall
weapons against tactical targets on the ground. The components of the
simulated weapon delivery system include a television sensor mounted on
a stabilized platform, an air data computer (ADC), an aircraft attitude
reference set (ARS), a head-up display (HUD), a sensor display, a set of
weapon delivery controls, standard flight controls and instruments, and a
central computer processor. In the program, sensor measurement noise
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is simulated. The weapon delivery software includes a complete measure-
ment data filter (Kalman Filter) to combine noisy sensor measurements
and predict unknown velocities and wind speeds. The function of the weapon
delivery system consists of aiding in acquiring and tracking the target in

an autotrack mode. The ultimate objective is to direct the aircraft (through
an autopilot) or aid a pilot in steering the aircraft to a weapon release point

and trigger or enable weapon release.

The functions of the weapon delivery equations are shown in Figure 6
within the dotted lines. It can be seen that simulated noisy aircraft and sen-
sor inputs are filtered and then processed by the angle rate bombing equa-
tions. These equations compute the bomb release time as well as an azimuth
steering signal. Steering can be either automatic or manual. The optimal
steering computation is used in the automatic steering mode and is discussed

and derived in Appendix IV.

The changes that were made for the present simulation were in three
areas: sensor error generation, Kalman filtering, and ballistics.
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Figure 6. Diagram of Weapon Delivery Functions
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Sensor Error Generation. Each simulated sensor measurement was
assumed to have some random measurement error associated with it, For
this study, all of the sensor errors were assumed to be either a bias or a
wide bandwidth "'white'" noise. The various sensor measurements and their
associated 1o error values are shown in Table 12.

In the weapon delivery subroutine, NARBS, the bias and noise error
values for each sensor measurement are generated by drawing samples
from a gaussian random number generator and scaling these samples by
the 1o values listed in Table 12. The bias error values are computed only
once at the beginning of a weapon delivery run arid held constant for the
duration of the run. The noise error values are computed once per compu-
tation cycle (50 ms) that is, every time a new measurement is made. Both
error values are added to the 'true' values of the measurements to produce
"'noisy'' measurements to be processed further by the weapon delivery
equations.

Kalman Filtering. In order to accurately deliver bombs in the
presence of noisy sensor measurements, some sort of filtering is necessary.
In the previous study, (Reference 1) filtering was omitted and "true' noise-
free sensor measurements were used to compute the quantities required
for an angle-rate bombing solution. In the present study, since simulated
measurement errors are present, two Kalman filters, for the azimuth
and elevation channels, were designed and programmed into thc NARBS
subroutine.

TABLE 12. ESTIMATED 10 ERROR VALUES

Sensor Quantity Bias White Noise

Altitude and Heading| Pitch 1 degree 0.7 mr
Reference
Roll 1 degree 0.7 mr
Air Data System Barometric altitude 167 feet 8 feet

Airspeed 8.4 fps

Angle of attack 1 degree

Electro-optical Aircraft normal 0.3 t'ps2
Tracker acceleration

Gimbal angle 0.47 mr
Gimbal angle rate 1.5 mr/sec

Gated Video Tracker 0.3 mr




The elevation filter is a six-state extended Kalman filter. It com-
putes four filter measurements from the available noisy sensor inputs,
processes them in predictor-corrector fashion, and outputs optimal esti-
mates of the six states. The azimuth filter is of the same form, but has
only two states and two measurements. The form of the filters is shown
in Appendix 1.

The states used by both filters are listed in Table 13, and are defined
in Figures 7 and 8.

Ballistics. In the simulation of Reference 1 vacuum bomb range and
trail, (the distance that the bomb is retarded because of drag), was found
by fitting a polynomial function of airspeed, altitude, and dive angle to the
ballistic tables for seven representative cases. The present study used a
new method requiring the storage of only two constants. The crux of this
method is the use of small perturbations from vacuum ballistics. It will
work for low-drag bombs at any attitude (dive, level, or climb) and with
varying accuracy at any altitude and speed. While its accuracy might not
be adequate for dropping actual bombs, it is quite adequate for a realistic
simulation of weapon delivery. The method is discussed in Appendix II.

TABLE 13. NARBS FILTER STATES

Channel State Description

Elevation Stabilized line of sight elevation angular rate
Angle from horizontal to line of sight

Magnitude of aircraft velocity vector
relative to target

Horizontal in plane wind/target velocity

Angle from horizontal to V

Elevation angle from sensor boresight to
line of sight

Azimuth Stabilized azimuth angle to line of sight

Stabilized line of sight azimuth angular
rate
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AutoEilot

The aerodynamic simulation described earlier in this section
represents a conventional airframe (the A-7) with both short period and
phugoid representations. Thus, although the autopilot is ultimately used to
control the flight path of the aircraft, an inner loop is required to dampen
the short period mode of the aerodynamics.

The autopilot is functionally divided into longitudinal control and
lateral-directional control. The altitude hold channel shown in Figure 9 was
used to maintain aircraft altitude using the pitch attitude inner control loop.
The altitude error is used to derive a pitch angle command. The inner loop
generates elevator deflection commands as a function of the difference between
commanded pitch angle and the present pitch attitude. The rnajor difference
between this model and the one used in the previous study is that the refer-
ence altitude is now defined as that existing when the autopilot is engaged.
Previously, the reference value was a predefined initial condition.

The lateral channel (see Figure 10) operates on the same basic
principle although several important refinements should be noted: In con-
trast with the autopilot used in the last study, which steered out line-of-sight
errors to the target, the present autopilot operates on a steering signal
generated by the weapon delivery function. Thus, the effects of wind can
be included in the simulation and successful weapon deliveries can be achieved
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with wind included in the simulation. Autopilot gains were increased to
improve system response to steering signal inputs. To compensate for
oscillations of the airframe that were introduced as a result of the increased
gains, lead-lag equalization was implemented by adding steering error rate
and a smoothing first-order lag in the lateral-directional autopilot. This
had the effect of adding anticipation to the system to prevent overshoots. A
roll command limit was also added to prevent excessive roll angles as a
result of large steering errors or error rates. Finally, a rudder command
was generated to provide a crab angle for steering out steady-state errors
caused by wind.

In summary, the autopilot incorporated into the present simulation
represents a realistic autopilot. It operated smoothly under a wide variety
of operating conditions, including noise, wind, and varying altitudes. It
proved free of instabilities and provided accurate delivery of the weapons
to the targets. It was, therefore, consistent with one of the initial objectives
of the program: to evaluate tactical data system concepts within a simulation
representative of the tactical environment.

An important flight command function associated with weapon delivery
is the autopilot function. The function of the autopilot is to use weapon
delivery information to determine suitable aircraft orientation commands.

A weapon delivery objective which an autopilot might satisfy is steering for
the purpose of bomb delivery. Such an autopilot differs from a conventional
autopilot in that it serves an immediate tactical purpose. Its objective is
not simply to maintain level flight, but to assist in weapon delivery. A
generic block diagram is shown in Figure 11.
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Figure 11, Tactical Autopilot Control System Block Diagram




One task of this study has been to develop an optimal autopilot control
law to assist in bombing delivery. The developments are discussed in
Appendix IV. Major steps included:

1) Definition of aerodynamic differential equations

2) Definition of inner loop control laws and states

3) Determination of the bombing delivery objective function

4) Synthesis

5) Discretization procedure

6) Definition of the optimal control problem

7) Solution of the matrix Riccati equation
8) Recommended control law

Equation (35) in Appendix IV is the fundamental state equation, where the
aerodynamic terms are given in Appendix V.

A digital computer program is developed (Appendix IV) to discretize
Equation 35 and to compute the control gains. Aileron and elevator deflec-
tion control commands are computed in terms of these gains and the 13 states.
The recommended autopilot control law is contained in Equations 45 through 49,

System Executive

The use of two medium- to large-scale digital computers in the simu-
lation dictated careful design of an executive program structure. The execu-
tive functions included master timing, analog computer mode control (for
initial conditions, run, and hold), and execution of different functional soft-
ware blocks in proper sequence. Figure 12 illustrates the general structure.

The Xerox 9300 computer was made the master computer and, as such,
it controlled all timing and data transfers. All digital processes were inter-
rupt scheduled. Three primary interrupts were used: two in the 9300, and
one in the Sigma 5. All processes for one iteration of the simulation are
initiated by the 20 Hz (50 ms) clock interrupt to the 9300. On receipt of that
interrupt, the 9300 begins processing by reading the status of all external
(to the computer) switches and signals and by transmitting all data required
for the weapon delivery computatio.s to the Sigma 5. Processing in the
9300 then continues by performing’any switching and logic control functions,
updating the geometry and dynamics, and then entering a 'wait'' state until
data from the weapon delivery computations are ready.

When transmission of some 50 data words to the Sigma 5 has been
completed (this process takes approximately 250 to 300 ps), an interrupt is
generated by the data channel to the Sigma 5 processor. The data received
from the 9300 includes aircraft attitude and rates. These data are used in
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the computation of basic weapon delivery parameters such as time-to-go
and steering error. These data are transmitted back to the 9300 and the
Sigma 5 returns to its "'wait'' state to await the next interrupt from the 9300.

On receipt of the data from the Sigma 5, the 9300 resumes process-
ing and completes its processing for the time interval by generating and
outputting a new display list to the symbol generator.

4.2 PHYSICAL DESCRIPTION

The siriulation was mechanized physically using the hardware
components shown in Figure 13. These physical components consist of the
digital and analog computers, the cockpit mockup, the electro-optical sen-
sor simulator, and stroke and in-raster symbol generators.
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Cockpit Mockup

The cockpit mockup used in the performance of the simulation studies
is configured to represent a modern lightweight tactical fighter and is shown
in Figures 14 and 15. Controls available to the pilot include a flight stick,

a force controller for target designation, display mode switch, target
acquisition command switch, visual side task switch, and mode control
switches. All of the information required by the pilot is presented on a
head-up display (HUD) or a head-down sensor display. This includes flight
attitude, heading, atltitude, and weapon delivery cues.

Flight Stick

The flight stick is a spring7loéded, viscous damped, two-axis
controller. It is used to control the pitch and roll attitude of the aircraft.
These represent total control of the aircraft, since the rudder pedals in
this simulation are inactive.

Several discrete switches are located on the flight stick. Two used
in these studies are the display mode switch and the trigger. The trigger
is used in performing the visual side task. The display mode switch is used
to command the dual mode display into the HUD or sensor display (VSD)
mode .

Force Controller

A small, two-axis force controller is located on the throttle at the
pilot's left. It functions as a rate control in slewing the sensor for target
designation or during manual tracking. Slew rates are proportional to the
forces applied in either axis. Target designation is accomplished by
axially depressing and releasing the controller. The activation of this
switch commands the simulated sensor to attempt target acquisition. Acti-
vation of this switch after lockon has been achieved will cause a breaklock.

Discrete Switches

In addition to the switches on the flight stick and throttle already
described, several others are available to the pilot and the experimenter.
These switches control the mode of operation (automatic or manual track,
automatic or manual flight control), problem restart, and altitude selection.

Visual Side Task

The visual side task uses a screen which encompasses the forward
180-degree field of view of the pilot. Independently selectable lights are
mounted in the screen at approximately 30-degree intervals horizontally
and at three elevations (high, middle, low). Each light is repeated in a
control box for the instructor so that he can monitor pilot response to the
external stimuli. Thus, each time a light is illuminated on the screen,
the corresponding lamp will be lit on the control box. Each lamp is extin-
guished by the pilot depressing the trigger on the flight stick or by the
computer after a period of time has elapsed.




Displays

Two display modes are provided in the simulation: HUD, and sensor
display (VSD). These displays comprise a unique combined head-up/head-down
display concept intended primarily to conserve weight, space, and power in
lightweight fighter aircraft. When operating in a head-down mode, the pilot
views the image on the display face directly. A shutter is closed to prevent
high ambient light from entering the display from the HUD and washing it out.
When switched to tne HUD mode, the shutter is opened, permitting symbol-
ogy generated on the cathode-ray tube (CRT) to be collimated and projected
on to the HUD combining glass.

In the HUD mode, calligraphic symbology is drawn on the face of the
CRT for collimation and projection onto the HUD combining glass. Calli-
graghic symbol generation is used to provide symbology of sufficient
brightness to be easily viewed in high ambient light. In-raster symbology
is mixed with the sensor imagery generated by the television sensor simula-
tor and displayed on the VSD.

Sensor Simulation

Simulated sensor video is provided with a television scanner (TVS)
which scans rear-illuminated photographic film imagery (Figure 16). Imagery
used during this program simulated video from an electro-optical (TV)sensor.
With suitable sensor film imagery, other sensors such as IR can also be
simulated.

Closure on the target is provided with a computer -controlled, servo
driven 20:1 zoom lens on the TVS. The film imagery which is scanned by
the TVS is mounted in a servo-driven platform with three degrees of freedom:
Y- and X- translation, and roll. The simulated sensor is space-stabilized and
its boresight angle is controlled by the force controller in search mode and by
the tracking system in track mode. Thus, the sensor imagery moves to
reflect sensor pointing and spatial motion. The location of a target within
the sensor image is correlated with its apparent position in the HUD, and
vice-versa.

Symbology

A lthough the symbology presented in the simulation will be generated
by two different means, symbology on the HUD and the sensor display is as
nearly identical as possible. The following symbols are used:

1) Tracking Reticle (HUD Only) — The tracking reticle indicates
the sensor line of sight on the HUD. This corresponds to the
center of the sensor display presentation.

2) Reference Symbol (Sensor Display Only) — This symbol marks
The center of the sensor display and provides a reference for
the artificial horizon.
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3) Flight Path Marker (HUD Only) — The flight path marker repre-
Sents the direction of the velocity vector of the aircraft. |

4) Artificial Horizon — This symbol provides an attitude reference
for the pilot.

5) Steering Reticle — This symbol provides a steering signal to
The pilot to weapon release. In one weapon delivery mode
(CCIP) this symbol represents the predicted impact point of
the weapon if it were released at the present instant. In the
CAL mode, the steering reticle indicates the magnitude and
direction of the azimuth steering error.

6) Time-to-Go Symbol — The length of the vertical bar of this
symbol 1s an analog indication of the time remaining before
weapon release.

7) Visual Target Symbol (HUD Only) — This symbol represents
the spatial position of real target within the HUD field of view.

Figures 17 and 18 show typical HUD and sensor display symbology

formats.
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4.3 INTEGRATION

Final integration of the simulation consisted of three separate, but
not always obviously distinct, tasks: checkout of individual components of
the simulation, making these components run together in real time, and
verification of the accuracy of the simulation.

Initially, the programming effort was separated into two major tasks:
weapon delivery computation development, and aircraft/displays/sensor
simulation development. The weapon delivery software was developed as a
subroutine which accepted aircraft data as inputs and generated weapon
delivery data as outputs. Required input and output parameters were identi -
fied for transmission from/to the 9300 and scaling was defined. For early
checkout, a data tape was generated by the 9300, This tape contained a
time sequence of data required by the weapon delivery computations exactly
as they would be received over the 9300/Sigma 5 high-speed interface.
Through the use of this tape, the weapon delivery computations could be
checked out in a batch mode of operation almost as if the system was on
line and operating in real time. Thus, preliminary checkout was accom-
plished with a minimum expenditure of time and money. Preliminary
checkout of the new modes of the real-time simulation (A-7 aerodynamics
and electro-optical sensor) was done using the weapon delivery equations
which were programmed for the previous study. These equations provided
functionally similar, but not mathematically accurate, data which were used
to exercise all modes of the simulation prior to integration with the complete
weapon delivery equations.

Integration of the simulation components (aircraft, displays, weapon
delivery equations) into a system that would operate in real time required
the solution of the two key problems: real-time operation and data transfer
between the two computers. The weapon delivery equations as they were
originally written in Fortran took considerably longer than the 20 ms avail-
able. Execution time for that subroutine was drastically reduced by explicitly
programming some matrix operations originally performed by generalized
matrix subroutines and by writing special symbolic language and Fortran
subroutines to execute faster than their standard Fortran library counterparts.
Table lookup procedures were used whenever possible. These techniques

resulted in a weapon delivery subroutine that now operates in the real-time
environment.

A few minor problems during integration were traced to variables in
the 9300/Sigma 5 interface that were eithexr incorrectly defined or improp-
erly scaled.

Verification of the simulation was a process that required mathematical
analysis and programming talent. Since the weapon delivery equations were
of a predictor-corrector nature, very small magnitude errors (in some cases,
in the least significant bit) in data at the interface would occasionally cause
divergence in the equations' solutions. Thus, the verification process con-
sisted of making a series of piloted trial runs during which all critical data
was output for examination. These data were examined frame-by-frame
and compared with expected theoretical results. Where deviations were
noted, the cause was located and corrected. Ultimately, results were
obtained which were consistent with predicted results.
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SECTION V
SIMULATION FACILITY RECOMMENDA TIONS

The recommendations for this study are concentrated in the area of
implementation — that is recommendations on procedures for system integra-
tion and checkout. They are general in nature, and if adhered to, can shorten
integration time significantly. The facility recommendations from the previous
study (Reference 1) are still applicable for the present expanded silmulation.

The experience gained in the development and integration of the current
simulation reinforces recommendations made in the previous final report. The
heavy use of structured programming techniques is strongly suggested.
Specifically,

1) Maintain the top-down program structure by defining, implement-
ing, and checking out the skeleton executive first;

2) Predefine subprogram modules and arguments by function and
then implement each module separately; and

3) Force early definintion (by meaning, scale, and granularity)
of all global variables.

Observance of these guidelines will greatly facilitate the steps of checkout
and integration.

Each subprogram module should be statically and, if possible,
dynamically checked out prior to integration into the real-time simulation.
This can be accomplished through the use of realistic models to generate
inputs to each module. As an alternative, a tape with a time history of all
pertinent data can be used for input to the module under checkout. The
tape can be generated, for example, by other simulation programs in which
confidence is already high. This process has the advantage of repeatability
and facilitates the isolation of variables during the checkout process. It
also tends to be less expensive in terms of computer resources than early
checkout of subprogram modules in the real-time environment.

When integration is attempted, modules should be integrated singly.
This facilitates isolation of problem areas as each new module is added. It
does require that the executive skeleton execute properly alone with dummy
subprogram modules. This approach takes full advantage of the top-down
software structure. In many cases, it will be advantageous to return to the
early checkout procedures described above to remedy problems detected
and identified during integration.
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APPENDIX I
AZIMUTH FILTER DERIVATION

STRUCTURE OF FILTER

The azimuth angle - angle rate filter is a discrete two state, two
measurement extended Kalman filter. The flow diagram for such a filter is
shown in Figure 19, The filter states are gstabilized azimuth gimbal angle,
Ngs and angle rate, Wig® The discrete one step predictor equations are written

as:

ﬁs(k+l|k) - ﬁs(klk) + ads(klk) T (5)

mds(k+1|k) - mds(k|k) +h ko) T

elevation angle rate
elevation angle
dive angle relative to target coordinate system

sample interval,
\ . -
The computation of predicted measurements is simply

nsm(k+1|k) - ns(k+1|k)

B ggnkt1[K) - ! [)
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FIGURE 19. Kalman Filter Block Diagram

Filter Gains

The computation of filter gains for this extend

ed Kalman filter follows

the form given in the reference, The recursive equations which compute

both the gain matrix K and the state covariance matrix P are:

PGcHL|k) = ¢(kt1]K) BCk|K) o7 Getl]i)




R(ktD) = PCktl|k) HE(kHD) [HCH) PCR#L[k) B (k#1) + R(k+1) 17}

P(k+l) |k+1) = [T - K(k+l) H(k+1)] P(k+l|k)

state covariance matrix
state transition matrix
filter gain matrix
measurement matrix

measurement covariance matrix.

In order to use these three equations, expressions for ¢(k+1|k), H(k+l),
R(k+1) and initial values of P(k|k) are required. The linearized state
transition matrix is found from equations 5 and 6 by taking partial

derivatives:

? ?\B(k+1|k) 3 ﬁs(k-i-llk)

3 ns(klk) 3 wds(klk)
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.
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The measurement matrix H(k+l) is simply the two dimensional identity
matrix since each state is also a measurement, Thus

Hll-l le-O

Hog'= © Hy, =1

The measurement covariance matrix is given values corresponding to the

variances of the two measurements

R(k+l) =

Similarly the state covariance matrix is initialized as

- -
9 0
P(0|0) =

0 P22

— —

Substituting the above quantities into equations 9, 10, and 11 yields the
filter gain equations:

2
Py, (k1K) = P,y (k[K) + 2TP. ,(k|k) + T P,,(k|k)

Py, (ktl]k) = P, (k+l|k) = ¢59[P 1, (k|k) + T Py, (k|k)]

2
P, (ktl]k) = $55" Ppo(k|k)

2
A = [P, (k+l]k) + R ) * [Py, (k1K) + Ry, = Py,  (k+1[k)




Ky, (kH1) {Pll(k+1|k) [P22(k+1|k) + Ry,l = Plzz(k+1|k)}/A
Ky, (kHl) = Plz(k+1|k) Ry, /8

K, (ktl) Plz(k+1|k) Ry, /8

Ky, (ktl) = {- P12 GkHL]K) + Py (ki) [Py (1) + Ryg 13/

Pn(k+1|k+1) = Pn(k+1|k) [1 - Ky (k)] - Plz(k+1|k) Ky (k1)
Plz(k+1|k+1) = P21(k+1|k+1) = Plz(k+1|k) [1 - Ry, (D] - P22(k+1|k) Ky, (k1)

Pzz(k+1|k+1) - Pzz(k+1|k) [1 = Ky, (ktD)] = 912(k+1|k) K,, (k+1)




APPENDIX TII
NEW BALLISTICS COMPUTATIONS

An excellent representation of low drag bomb ballistics can be obtained
with the storage of just two constants. This algorithm actually represents
a simplification of the previous ballistic computations, While its accuracy
might not be adequate for dropping actual bombs, it is quite adequate for
simulation purposes, It works at any attitude (dive, level, or climb) and
with varying accuracy at any altitude and speed.

The crux of this method is the use of small perturbations from vacuum

ballistics. In a typical dive vacuum geometry (Figure 20), the no-wind
range (xBo) and time of fall (T) can easily be found from:




FIGURE 20. Vacuum Ballistic Geometry

It has now been found that excellent representation of the ground range
of a low drag bomb can be obtained over a surprisingly wide range of operating

conditions simply by multiplying gravity by a constant, Kg, slightly larger
than 1. Then

2

1
D--EKBQT

2
-V +\ﬁ + 2K H
T = Az Az g g
KB g

and again

xBo - vAx E

For example, an M-117 bomb has been fit from 360 to 560 knots, O to 60
degrees dive and altitudes of 1,000 to 7,000 feet. Kg was found to be 1.10
to minimize the error in elevation angular rdate, whose rms value worked out
to be 0.34 mr/sec,




The value of T obtained in this approximation is always somewhat lower

than true ’1‘F (time of fall), While this in itself might not be important,

the use of TF = T would cause the computed trail, L, to be zero. This in

turn would cause cross-trail to be zero, so that when cross-winds are entered
into the system, the steering would be unrealistic., The pilot would always

be commanded to point his ground track at the target rather than slightly
upwind of it., Therefore, a realistic TF is required to give pilots a realistic
feel of the steering problem.

This is quite easily accomplished by the use of a second constant,
again slightly greater than unity:

TF - KT T

While the proper value of KT might vary from 1,02 to 1.10 over the region
of interest for an M=117, the use of some median value will always insure

a trail in the proper direction.

Thus, extension of the operating conditions and the avoidance of setting
in nominal values for altitude and time of fall can readily be accomplished
for low drag bombs. If and when high drag bombs are required, this solution
will no longer be adequate. A choice will have to be made between polynomial
fits (which are available for a large number of bombs at Hughes), or real-
time integration. An excellent algorithm is available for the latter, but
it would add considerably to the computer memory and execution time require-

ments,




APPENDIX III
FLOWCHART OF ARBS SUBROUTINE

The following is a flowchart of the weapon delivery subroutine (ARBS).

Each block in the flow is titled to correspond to titles in the FORTRAN
listing. Each block is shown in detail following the flowchart.

The execution time of this subroutine including all computations required
by the two Kalman filters is approximately 40 msec on the Sigma-5 computer and
about one half that time on the Sigma-8 computer. The former time is within
the 45 msec simulation timing goal.
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| GVT
! Computes sensor's target tracking error
}
‘ €E =€ - €
ms true s
‘ "ms = Mtrue ~ s
em = ems cos p + nns sin p
f P €ns sin p + Vina cos p
{ {
]
{ CLEAN

Sets the noisy measurements (denoted with an X as the first letter) equal

to the true or "clean" values of the measurements, 1i.e.,

XTHETA = THETA
XPHI = PHI ;

t e o o o

NOISE
{ { Adds gaussian random noise to the clean measurements. The zero mean

| unity variance random numbers are stored in an array RANDOM.
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Y\

BIAS

XTHETA

THETA + SIG1 * RANDOM (IRAND + 1)

XOMGDM = OMGDM + SIG13 * RANDOM (IRAND + 13)
IRAND = IRAND + 13

Add.. a bias to each measurement which remains constant during the course

of one entire rum.

BLOCK 3

Computes the following coordinate transformation matrices: [Platform/Body],
[Body/LOS], [Platform/LOS] denoted by M1, M2, and M3 respectively. These
matrices are defined by the following equations:
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BLOCK 4

Computes backup altitude above target and backup range.

Hb ¥ Hp A H’1‘
R, = K /M3(1,3) = B /(g - 2)
BLOCK 5
Computes stabilized line of sight angles in elevation and azimuth as well

as the display rotation angle, p.

sin e = - M3{1,3) = - ('iR . Z)

cos € = a- sin2 8)1/2

. sin es
€ ~ tan [cos es]

sin n_ = M3(1,2)/cos G (iR * Y)/cos €y

cos n_ = M3(1,1)/cos G (iR + X)/cos €y

sin ns

= tan [cos -
s

= M3(3,1) sin n - M3(3,2) cos g

- (iD « X) sin e < (iD + ¥) cos ng

= M3(2,2) cos P M3(2,1) sin ng

= (iE ¢ ¥) cos Ty, = (IE + X) sin ng




BLOCK 71
Initializes the elevation and azimuth Kalman filters during the first
iteration of the NARBS subroutine,

Initial Predicted Values of States

VI cos (n_+n)sin (¢ +€) +acos (¢ +¢ )1
3, (k+1|k) = -2 < B, R: = 2

Va sin (ng + nm)

wes(k+1|k) = we(k+1|k) cos p - wd(k+1|k) sin p

ad(k+1|k) =

ads(k+1|k) - ae(k+1|k) sin p + ad(k+1|k) cos p
G (k+1|k)

ns(k+1|k)

Vr(k+1|k)

wa(k+1|k)
?r(k+1|k)

€ (k+1| k)

Initial Predicted Measurements (not already initialized as states)

um(k+1|k) - e,

Va(k+1|k) ¥




?a(k+1|k) = ?r(k+1|k)

Initialize ¢ - State Transition Matrix

091 = %61 = T

byp = b33 = $44 = $55 = %66 " 1

Initialize H - Measurement Matrix

Initialize Q - Disturbance Covariance Matrix

QMAT = 0.25 x 1078

Initialize P(k|k) - State Covariance Matrix

-6
r11(0|0) 5 x 10

-6
r22(0|0) 0.72 x 10

p33(o|0) 401

p44(o|0)




-6
p55(0|o) =1x10

6

p66(o|0) = 0,09 x 10~

Initialize R - Measurement Covariance Matrix

0.72 x 10'6

1x 1078

0.09 x 1078

Initialize Azimuth Filter

-6
PA11(0|0) 0.22 x 10

-6
PA22(0|0) 25 x 10

-6
RAll 0.22 x 10

-6
RAZZ 2,25 x 10

BLOCK 7L

Carries out the elevation and azimuth Kalman filter computations.




Measurements Formed From Inputs

gin 0 - a cos f cos ¢

cos 0 - @ sin 6 cos ¢

gin
-1 Yam
tan [_——-]
cos Y
am

Process New Gyro Measurements

[&e(k+1|k) + o (k|K)

¢ = 2 £ wem

E(k+1|k) = e(k|k) + T ¢

Sm(k+1|k) = G(k+l|k) - €(k+l]|k) cos p

Estimated Values of Statcs at Start of Cycle

oy = om(k|k—1)

vk Oa(klk-l)

T ¥, (klk=1)

b= € = e(k|k=1)

4

RESID = K *» A




&g (k|k) = &es(k|k-1) + RESID
G(k|k) = 3(k|k-1) + RESID,
Vr(klk) = Vr(k|k-1) + RESID,
0 (k[k) = V_ (k|k-1) + RESID,
¥, (k|k) = ?r(klk-l) + RESID
€(k|k) = e(k|k-1) + RESID

6

an = n_ = n_(k|k-1)

bo = wy = mds(k|k—1)

An + V Aw

ns(k|k) = ns(k|k—1) +V 3

11

mds(k|k) = mds(k|k—1) +V,. An +V,, Aw

21 22

Estimated Values of Calculated Variables

(an cos ¢ - g cos 0)

6 = -~
V_ (kfk-1)

an = normal accelerometer measurement
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an sin ¢

y Va(k|k-1) cos [Ya(klk—l)]

. (a cos ¢ - g cos 0)

Vr(k k)

EXIT
TO NEXT
SUBSECTION
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o ¥ k|k) sin ¥_(k[K)
Y, = Y&k|K) + tan 1= s
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z A 3
= 1 —
VrN Ja( sin 6 cos Y +ap cos b cos € cos ¥) @

A
+Va[— cos 6 sin Yy + ap(-cos ¢ sin 6 sin ¥ + sin ¢ coslb)]\b

A
+Va(—a,p sin ¢ sin @ cos Y + cos ¢ sin Y) o'

A 3

= Va(—sin @ sin Y + @, cos ¢ cos O sind )@
2 ]
+V_ cos 0 cos ¥ + ap(cos ¢ sin @ cos Y + sin ¢ sin ) ¥

A L
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A Y o A . ¢|
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Predicted Values of States at Start of Next Cycle

wes(k+1|k) = wes(klk) +a T
(Limit &__(k+1|k) to be < 0)
wds(k+1|k) = wds(klk) + o, T
A
“ds

A
.
cos 0

~N

ns(k+1|k) - ﬁs(klk) + hs(k|k) T

(k#l|k) = S(k[k) + & (k[k) T

§ (k+lf) = V_(k]K)

f  Getl]©) = ¥ (k]®)

?r(k+1|k) - ?r(klk) T T

8, (k¥1]1) = b, (k¥1[k) cos p + 0gq (k+1]K) sin o
&d(k+1|k) = - &es(k+1|k) sin p + &ds(k+1|k)‘cos p

we(klk) = 4, (k|k) cos o + wds(klk) sin p

wd(klk) - - wes(klk) sin o + wds(klk) cos p

Predicted Values of Measurements

A 2 a 2
Va(k+1|k) = [wa(k+1|k) +V (k+1|x)

a a PY 1/2
- 2wa(k+1|k) Vr(k+1|k) cos yr(k+1|k)]
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wa(k+1|k) sin Yr(k+1|k)

i
{ ;a(k+1|k) - ?r(k+1|k) + tan ! [

Vr(k+1|k) - wa(k+1|k) cos Yr(k+1|k)

I

i BLOCK 7K
Computes the Kalman Filter Gain Matrix for both azimuth and elevation

channels.

Compute ¢ Matrix - Elevation Channel

v o (k) - 8
=1+T L

¢
1t tan [§(k|k) - ¥_(k|K)]

-T &es(k|k) [Zﬁes(klk) - 8

%2 =

s’ [3(k|k) - 7 (|©)]

T mes(k|k) )

0 “ - A
1o Vr(klk) tan [a(k|k) - yr(k|k)]

1f |o(k|k) - ?r(k|k)| is near zero, then

Set and ¢12 = ¢13 = 0




Compute H Matrix - Elevation Channel

a 2 a2
Vi =il (k+1|k) + V

wx(k+1|k)

A ~ ~ 1/2
: 2Vr(k+1|k) wa(k+1|k) cos yr(k+1|k)]

Vr(k+1|k) - wa(k+1|k) cos yr(k+1|k)

Hyy =

anf

wa(k+1|k) - Vr(k+1|k) cos yr(k+1|k)

Hy, =

anf

g Vr(k+1|k) wa(k+1|k) sin yr(k+1|k)

3 anf
¥ -vwx(k+1|k) sin Yr(k+1|k)

33 2

vanl
Or(k+1|k) sin §r(k+1|k)

34 2
vanR.

S Vr(k+1|k) wa(k+1|k) cos yr(k+1|k) - Vix(k+1|k)

35 v2

H

H




Compute Kalman Gain Matrix - Elevation Channel

P(k+l|k) = ¢ P(k|k) ¢ + TQre

K(k+l) = P(k+1|k) HY [H P(kHl|K) o+ r)7t
P(k+l|k+l) = [I - K(k+1) H] P(k+1|k)

If ?r(k+1|k) < 15° then zero out horizontal wind channel gains.

Azimuth Filter Gains

(Same form as above)

BOMB
Computes true inputs required for computation of bomb's horizontal
range at release, and also for other WD computations when the filter is

by-passed.
8in Yap = gin 6 - L cos 6 cos ¢

cos Yap = cos 0 - a sin 6 cos ¢

1 Slny
-Y = tan 1 [———82]
ap cos Y
ap
2 2

V.=[vV _+V +2V
r am = WX am

v 2 + V2

-1 r am
Ay = cos ~ [ TV
am r

1f wa is close to zero, set Ay = 0 otherwise,




;r(k+1|k) = Yap + Ay
Gktl|k) = e + BY

n = ng g

n (et1lk) = ng

E = eg o2 € + Ay
Va(k+1|k) -V

wa(k+1|k) v

- Hy
Ryer ™ M3(1,3

V [cos n sin € + a cos €]

R

we(k+1|k) =

V_sinn

%

mes(k+1|k) = me(k+1|k) cos p - wd(k+1|k) sin p

ad(k+1|k) -

ads(k+1|k) - ae(k+1|k) sin p + ﬁd(k+1|k) cos p
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BLOCK 8

Computes velocities and flight path angle relative to air speed vector.

Y, " Ya(k+1|k)

sin 6 - sin .

cos ¢ cos O

N V.(k+l|k)

VAX = VA cos Y,

VAX = - VA ap sin ¢

D wa(k+1|k)

Vz-- VASi“Ya

BLOCK 10

Computes range and altitude from angle rates.

vV sin o (k+1|k) + V, cos 5(k+1k) cos n_(k+l|k)

aes(k+1|k) cos ﬁs(k+l|k) + b4, (k#1]k) sin 5 (k+1]k) sin ns(k+1|k)

Denominator of R is checked against zero. 1f so, R is set to Rb before
the division is made.

R =R cos g(k+1|k) cos ﬁs(k+1|k)

H =~ R s8in 8(k+1|k)




vy sin ns(k+1|k) -R® d$(k+1|1<)

V& = =
cos ns(k+1|k)

Vay " Yy ~ Vay

BLOCK 11

A pullup warning is issued (JPULLUP = 1) if the aircraft is in danger
of either hitting the ground or getting caught in the bomb blast. A 4-g
pullup capability is assumed for the aircraft and the M117 low drag bomb is

agsumed for the blast clearance,

2
HWG = Gw1 + Gwz(l - cos ya) Va /96.6 + Gw3 Vz

HWB = BW1 - BW2 sin Ya + BW3 Vz

Hy = max (Hue, Hyp)

If HE < Hw then set JPULLUP = 1.
p—

BLOCK 14
Computes stabilized aircraft referenced initial bomb velocities including

ejection velocities for use in ballistic equations

VXB = VAx + VEJ « M1(3,1)

Vep = Vay * Vs M1(3,2)




Vor = Vag ¥ Vg ° M1(3,3)

Hpp = H

BLOCK 13
Computes bomb's time of fall and horizontal range assuming a low drag
bomb

B = K8
2
ZB

1/2
+ 2g1 HBB) -V

v ZB

&
8o = VxB o
te = Ry tg
Xy = Xpo + GWX(k+1|k) .t
L = Vi ¢ = %po

YB-VYB.tO-.-vWY.tf

BLOCK 17

Computes time to go and number of iterations to go until release.




BLOCK 16
Computes CCIP mode steering reticle in stabilized aircraft coordinate

system,

Py = %3/Rg
By = Yp/Ry
Pz = (l{B + VZT) /R.B
BLOCK 20B
Computes CAL mode steering reticle pointing vector in stabilized aircraft

coordinate system.

L+ Vg~ sin ﬁs(k+1|k)
“psc T~ T R(R, + 1)

By & M3(1,1) = IR ¢ X

P, = M3(1,2) + telupge - mds(k+1|k)] i SN

where M3(1,2) = IR . ¥

By # M3(1,3) = IR . Z




BLOCK 20D

Computes aircraft body referenced steering reticle pointing vector.

PI = Px cos 9 - Pz sin ©

PJ = Px gin 9 sin ¢ + PY cos 9 + Pz cos 0 sin ¢

PK-szinBcos¢-PYsin¢+chosecos¢

-1
g = tan (PJ/PI)

-1
g = tan (PK/PI)

BLOCK 20F
Computes CCIP mode predicted impact line.

VPI = Vx cos O - Vz sin ©

VPJ = Vx sin 9 sin ¢ + VYB cos 6 + Vz cos 9 sin ¢

VPK = Vx sin 9 zo08 ¢ - VYB sin ¢ + Vz cos O cos ¢

2
4 _[_1_+ER][PIVPJ'
BETA 7

P,V -
1+ R e~ RT

PJ vPI]
P

I vPK




BLOCK 21

Computes the pointing vector for the tracking reticle.
B IR * 1 = M2(1,1)
TJ = 1R °J = M2(1,2)

T, * IR * k = M2(1,3)

)
Ngg = tan (Tj/Ti)

-1
€rg = — tan (Tk/Ti)

LOCK

When locked onto a target, senses if either reticle goes off the HUD
and keeps it on the HUD,




@IMI-: < &

No

h—G-nIH2<O’

EDIFF g ELIM1
ERDlS = ELIM1

= g - E
Erprs ™ €1R ~ Eprrr
SRFLGE = TRUE Eprpp = g ~ ELIM2
E.__. = ELIM

RDIS
ETDIS = €p "~ EDIFF

SRFLGE = TRUE

o

¥

F v

P

Appis = "R
Arpis = ™R HE

y

Yes
> ((Ingl - Inggl < 0)

&No

Agprrr = Ingl - AZLIM

Aantis ™ AZLIM SGN(nR)

Arpts = PR - AZDIFF SGN (np)
SRFLGA = TRUE




TR

RFLGE =
——

| -

N
(g <)

Y

EDIFF = ¢, - ELIMl

TR EDIFF = €, - ELIM2
ETDIS = ELIM1 TR

ETDIS = ELIM2
ERDIS = €p = EDIFF

ERDIS = ¢, - EDIFF
SRFLGE = TRUE R

SRFLGE = TRUE

No

d A

No

Y
[ S— Inggl = AZLIM
Aprs = Azum SN (qg)

Agpts ™ "r = Azprpr SV (Mpp)
SRFLGA = TRUE

e =

e ]




{ NOLOCK
If not locked on to target, senses when eithexr reticle goes off the HUD

and keeps it on the HUD.

-

ENTER

B e B e

Yes

|
-I
l! lNO Yes /
4

} | ’ TRFLGM = .TRUE.|

| —_‘CAZLIH - Inggl < 9

1 Yes

(‘ P FmGH = .TRUE
~

' =7
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ouT

Prints out several variables every 20 iterations. The counter is IC.

DUMP

Prints out several filter variables according to the following format:

(repeat above quantities with noise added if IDROP ¥ 5)

n.(k+1|k) wd.(k+1|k) v v v v

11 12 21 22

8, Get1|1) 5 (k+1|Kk) V_Get1]w) ¥ Gk ¥ (kt1]i) ECet1|i0)

RESID RESID RESID3 RESID RESID RESID

1 2

Al A2 A3 Ab

4 5 6




l MATDMP
Prints out Kalman gain matrix as computed in BLOCK 7K.

B K2 K3 K4
i K K2 Ky3 K4
‘ K3y K3y K33 K3,
| K1 K2 Ku3 Kug
i
‘ K5y Kso Kgs K5,
K1 K2 K3 Koy,
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APPENDIX 1V :
DEVELOPMENT OF AUTOPILOT CONTROL LAW

et A DN b s
»

1. Definition of Aerodynamic Differential Equations

The aircraft coordinate system must be defined first. The unit vectors ;
a-e as follows: ix = I is along the fuselage reference line, 1y = 3 is
a.ong the right wing, and Iz = i =1x 3 is down. Coordinate systems are
discussed in depth in References 1 and 9.

PSR

Complete aerodynamic differential equations are developed in Reference
3. By linearizing the equatiomns and making reasonable assumptions, the
equations may be simplified and written in uncoupled form. The longitudinal

equations of motion are the following:

usxuu-i-xww (12)
: { w=2 u + Zw w + Uo q+ Z‘Se ée (13)
q = 14
q Muu+uww+qu+M6e5e (14)

where
u = component of velocity perturbation along the ix axis
U_ = trim (horizontal) air speed
w = component of velocity perturbation along the Iz axis
q = angular rate about the iy axis

5§ = elevator deflection angle

q

) and the dimensional stability derivatives xu. xw. Zu, Zw, Zg » M“, M“, M,
e
and Mg are given in Appendix I as functions of atmospheric density, wing
e

characteristics, etc.




The lateral equations of motion are the following:

B = Yv B-1r+t Y6 Ga + Y6 Gr (15)
a r
P = Le B + Lp pt Lr Ft Ld Ga + LG dr (16)
1 a r !
| .= + +
’ ‘ r NB B+Npp Nrr+N6 Ga NG 61‘ (17)
a T
' | where
v

‘ 1 B sU

o

‘ v = component of velocity perturbation along the iy axis
p = angular rate about the Ix axis
r = angular rate about the iz exis
§ = aileron deflection angle

§ = rudder deflecticn angle

| ‘ and the dimensional stability derivatives Y , Ys , Ys o LB’ Lp, Lr’ Lg »
a 1 a
Lg§ » NB’ N, N, Ng , and Ng are given in Appendix I. It is also
T p a r

implicitly assumed that

' p = $ - @ sin 0 = & (18)

l g 2 :

) q=0cos ¢ + ¢ cos 0 sin ¢ =0 (19)
r=-0 sin ¢ + ¥ cos 0 cos ¢ & v (20)

!

‘ the following manner:

Equations (12)-(17) can be combined in matrix, or state, notation in




R T e T L L)

P. - - ﬁ
u-1 X X 0 0 0 0 W u
u w
w Zu Zw U° 0 0 0 w
q f M.u Mw Mq 0 0 0 q
B 0 0 0 Yv 0 -1 B
. L
p R S SRR T A P
er L-0 0 0 NB Np Nr | L rd
0 0 0 ]
z 0 0
6e
MG 0 0 Gew
e
+ sa (21)
0 Ysa YGr
()
hr-l
0 L‘5 I.‘5
a r
0 NG NG
L a r |

The vector of deflection angles represents the system input vector.

2. Definition of I[nner Loop Comtrol Laws and States

The three deflection angles Ge, Ga’ and Gr are themselves functions of
the aerodynamic quantities of equations (12)-(17). These relationships are

referred to as inner loop control laws.

Figure 21 shows the pitch, or elevator, control law assumed. The block
diagram can be reduced to the form shown in Figure 22, wherein the states x;
and x, are defined. From Figure 22, an expression for 6e in terms of the
states x, and x, can be written:

95
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i e

Ka
a —
4 1 Tis+ jT N Ka
q — K,

3e

Figure 21. Block Diagram of Pitch Control Law (Inner Loop)

A, P

K2

X
K. + 1 + &
Cq S ]
- +
iy K1
q

s, = NORMAL ACCELERATION
Ky = 460

Ky = 3

c, = 085

c, =03

Ky =i

K = 5A4x10%

ok

C2

X2,

Figure 22. Reduced Block Diagram of Pitch Control Law

(Inner Loop) with Two States Specified
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Ge = K1 Kq q + Kq Xy G X,

R T Ry T R N L
-

=K K oq+ [k 1] (22)

From Figure 22, the state equation for Xy and X, can also be determined:

v 1 Ka
{ - — ———
‘ xl Cl 0 x1 Cl 0 az
l ! ] = g (23)
X
q 2 172 q

|
|
E X
] ‘ 2 K2 K -C 2 0 K, K, K q
1
!
!

() e

]

i =Z u+Z w+2Z, § (24)
: ; u w e

| b

] (using equation (13)). Finally, equations (22) and (24) can be substituted
| into equation (23) to yield

i { e

" - i
| ‘ K Kq Z 1 b2
i ' ;‘1 C i C : ¥y
| | s 1 1
| . 2 »
' X
2 2
E X -C
| . 2 q 2 |
|
| } e - K, K K Z, ] s
l <8 u> <a W> < 3 u
' & C C
| ( + 1 1 1 w (25)
0 0 R Ko oK
[ ( = ) i i J Lq
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F juations (11) and (14) contain the required state representation for Xy

and Xy

The assumed roll, or aileron, inner loop control law is simply the

followiug equation:

(26)

q 2 1000
K, = 0.4 - q/3000, 100 = q < 1000
0.4, q < 100

q= dynamic pressure (see Appendix A), slugs/(feet °* secz)

Figure 23 shows the yaw, or rudder, inner loop contror iaw assumed.

The block diagram can be reduced to the form shown in Figure 24, wherein the

states Xgs Xyu» Xg and X, are defined. From Figure 24, an expression for 6r

in terms of the four states can be written:

6r = K3 x3 + x4 + xs + x6 (27)

The state equation for the four states cam also be determined from Figure 5:

e
Cy

K




(N)ZZ-080SS

Ky (S +1)
{Cq4S5+1)(S+Cs)

ay = LATERAL ACCELERATION
C3=05

C4=003

C5=0.33

K =0.0036

K3 =0.012 . slugs
qlinea—as
ft - sec2

Figure 23. Block Diagram of Yaw Control Law (Inner Loop)
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Figure 24, Reduced Block Diagram of Yaw Control Law
(Inner Loop) with Four States Specified




| .

| | But the lateral acceleration a, is given by

y o o
1 ) lar Y 8 2
‘ = Te ig. 4 Yo ABL e PR ESS T (29)
(using equation (15)). Substitution of equations (29), (15), and (27) into
equation (28) eventually yields
- 1 F
gl (F K3—03) F, F, tl'\ s
3 [ *3
X, 4 K 0 0 0 X,
Xs e B, W-t B X5
x 1 1 x |
0 - = - = 6
' L 6d L 8 B~ €y L -
<UYK> <KonY5K> 1
r R 0 '
L ]
g €3
g ;
0 0 0
3 P (30)
( K_Y < Ke Ys Kp) K r
. v J a ¥:
| €4 €4 €4
L 0 0 0 !
g d
where
Kr Uo Yh
F = - el
‘ | L‘
| Ko Ya
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) fom — e
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Equations (27) and (30) contain the required state representation for Xgs
Xy x5, and x6.

3. Determinatior of the Bombing Delivery Objective Function

The coordinate system used for bombing delivery calculations is the
stabilized line-of-sight (LOS) system. The unit vectors are the following:

bt -»

l is along the LOS to the target, 1, 1s normal to lR and in the horizontal
8

plane, and 1d = l X l is down. It is also necessary to define the space-
stabilized aircraft coordinate system. The unit vectors are the following:
i is along the aircraft heading in the horizontal plane, j is normal to

=

i in the horizontal plane, and k = l X j is down.

The target LOS rate about the id axis is denoted by wy . The bombing
s

s
computations generate a commanded value for wy , 3iven by
s

L Vx sin nB

il o T i
X

The symbols and geometry are indicated in Figure 25. It can be shown that

V_ sin V. cos n
LA T B s el 1§ (32)
R dB R

V =-wsin ¢ + W = W
y y y

wy = wind velocity

Equation (20) can thus be written as

33"

*Note that if there were no wind, the bombing command would be to diminish
wq s eventually driving it to zero.
8
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Alrcraft terminal point

R = Rcos e_coanm
x B 8

space-stabilized elevation angle to target
space-stabilized azimuth angle to target

range to target

component of aircraft velocity in the Is direction

horizontal trail of bomb

FIGURE 25. GEOMETRY FOR ANGLE RATE BOMBING
CROSS-PLANE SOLUTION




The objective of the autopiliot control is to drive Wy to wd using

c
aileron and elevator commands. This is accomplished by driving the state

Sw = md - d (23) (34)

s
sC

to zero. For this purpose, a state equation for Sw 1s derived in Appendix VI.
The state equation is the following:
Sw = E

u+E,w+E  B+E p+E,r+E Ky x,+Ex

1 5 o "8 6 4

+ E6 xs + E6 x6 + E7 Sw

where

AilR Cuf + CO8 ) Xu -~ R(+ sin « cos n + 1, cos ¢ 8in ) - R cos € cos n}

R(R cos + cos n + L)

A, X cos ¢ cos n
1w

Rcos e cos n+L

Aj UO[R cos € cOs n Yv -R(c sin e cos n+ n cos € sin n) - R cos € cos nl

R(R cos e cos n + L)

3

A Uo Yéa Kp COosS € CO8 1

R cos £ cos n+ L

Uo COS € COS N

i
R

cos ¢ cos n+ L

. Cos N

R cos £ cos n + L

- R(¢ sin + cos n + n cos ¢ sin n) - R cos ¢ cos 1
R cos ¢ cosn+1L
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-sin n

A
‘/1 - sin2 € cos2 n

co8 € COs N

,\ =
i ‘/ 2 2
1l -sin € cos n

aid ¢ and n are the sensor elevation and azimuth gimbal angles, respectively.

4. Synthesis

In the previous three sections, state equations have been developed for
six aerodynamic state variables (equation (21)), six inner loop control states
(equations (23) and (28)), and one bombing delivery state (equation (35)). 1t

is now necessary to synthesize the three state equations into one, taking advan-
tage of equations (26) and (27). The resulting state equation is shown on the [
following page. It should be noted that equations (21), (23), and (28),

equation (63) of Appendix VI are used to determine how the additive controls

Aée and Aaa affect the thirteen states.

5 Discretization Procedure

Equation (25) represents a state equation of the standard form

>

-5
= AX+Bu /

LR

where
x is the 13 x 1 state vector
A is 13 x 13
B is 13 x 2

u is the 2 x 1 control vector.

The autopilot controls are to be implemented digitally every T seconds.

1t is therefore necessary to discretize equation (36). The state transition
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matrix is given by

o & 000, T) = AT (37)

(see, for example, Reference 4). Equation (37) must be evaluated numerically,

using the series expansion for the exponential. The discretized state

equation then becomes

x(n+l) = ¢ x(n) + ¥ u(n) (27) (38)

T
w-/ dBdr = ¢ BT

o

It should be noted that ¢ is assumed to be time-invariant. While this
1s not strictly true because ¢ is a function of external target data
(R, €1 N :. ﬁ), no other information about ¢ in the future is available;
solution of the discrete time optimal control problem requires future know-
1:dge of ¢ (as is seen in the next section). Moreover, it is not likely

that ¢ will actually vary much over the duration of the autopilot-controlled
flight.

6. Definition of the Optimal Control Problem

The system (¢, ¢) illustrated in Figure 26 is controllable since the
matrix

[¥ b gy ! QZW ek 012‘,]
] i i i
has rank 13. This statement would not be true if only oune deflection angle

were used as a control.




TARGET DATA, Wdsc

SEPARATION PRINCIPLE

e | R
| |
|

AERODYNAMICS

INNER LOOP
CONTROL LAWS
X1=~ Xg)

AUTOPILOT CONTROL
LAW

iled Block Diagram of Tactical Autopilot Control System

Figure 26. Deta




Define

1) Q) %(4) + or(d-1) R(1-1) $(i-1)

(Both ) and R must be positive semidefinite matrices.) The optimal control

problem for the tactical autopilot lis to determine a control law tor

equation (38) (and Figure 7) which minimizes JN (for some arbitrarily large N).
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The values 43> 9> dgs 943 and Rl’ R2 are "levers," costs associated
vwith undesirable values of states and with control effort, respectively.

The values assumed are the following:

The terms G3s dgs and qg are non-zero because a secondary objective is to
achieve zero Euler angle rates. The term R1 is so large because Aéa is
the preferred control; therefore, control via Aée must be made relatively
costly.

The value of N is chosen to be arbitrarily large. This is done to
force the controller to achieve its objective (primarily to drive 6w to zero)

as quickly as possible and to maintain it. If N were finite, it could not

be guaranteed that the cos. function Jn would not be excessive for n >> N,
(Such considerations are discussed in Reference 5, among other places.)

If it were only desired to drive dw to zero, the control problem could
be treated as an output regulator problem. That is, the state vector could
be formed with the first 12 elements, and the output would be equation (24).

This approach is equivalent to that formulated here if 93 = 97 = qg = 0.

8

7. Solution of the Matrix Riccati Equation

The optimal control law for the linear regulator problem formulated in

the previous section is the linecar feedback control law
U(n) = S(n) x(n) (41)

where the 2 x 13 feedback control matrix S(n) is determined recursively from
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*
the following equations:

S(n) = - [wT K(ntl) ¢ + E]'l q,T K(n+l) ¢

K(n) = ¢T K(n+l) ¢ + <1>T K(n+tl) ¥ S(n) + Q

solved backward in time. Since the terminal time N is arbitrarily large,
the terminal condition for recursive solution of equations (42) and (43) is

K(N) = 0 (44)
and only the steady-state solution for S is required. That is, steady-
state solution of equations (42)-(44) yields a constant gain matrix S :
The autopilot control law is then

a(n) = S* ;(n)

8. Recommended Control Law

Equations (42)-(44) are solved by means of a digital computer program.
In this program, the discretization process of equations (37) and (39) is
first pertormed (numerically). Then the gain matrix S is computed, given
the costs assumed earlier. This computer program 1. described and listed
in Appendix C.

The matrices ¢ and } involved in equations (42) and (43) depend on
target data (because of the bombing delivery state 6w). This target data is
the following:

P .

R, €3 Ny, €, N &

(0f course, the matrices also depend on aerodynamic quantities, for which

values have been assumed 1n Appendix I.) Using the simulation, S has been

*Sce, for cxample, References 4 and 6. These equations together comprise
the matrix Riccati difference equation.
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computed

*
for various values of the five quantities. The following conclu-

sions have been reached:

(1)

(2)
(3)

The

the small values of n, é, and ﬁ which would be expected in the
*
bombing delivery situation have no appreciable effect on S
*
as long as ¢ is not over approximately 30°, S will not vary

*
two elements of S depend on range

%
constant values of S are listed below (to 3 significant figures):

* -3
S (1, 1) = -9.70 x 10

* -2
S (1, 2) = -2.86 x 10
]

S (1, 3) = 0.213

* -2
S (1’ 4) 2-69 X 10
*

S (1, 5) = 50.7

x

S (2, 6) = -50.9

* -2
S (2, 7) = 7.03 x 10
x

S (2, 8) 0.659

* -3
S (2, 9) = -3.48 x 10

x
S (2, 10) = 3.22

s*(2, 11) = -0.142

*
§ (2, 12) = -0.154

Values of the two range-dependent terms are given in Table 14. All other

* *
elements of the gain matrix S are zero. The values of S in Table 14

*lt Is assumed that T = 0.050 sec and L = 2000 ft.

112




TABLE 14. RANGE-DEPENDENT GAIN TERMS

Range,
n. miles

0.5

1.0

ll5

2.0

2.5

3.0
3.5

4.0

are curve-fit for ease wmechanization. The resulting expressions are:

-2
s*(2, 1) ~ (-4.59 x 1073) + (1'96A§_l° )

* 4 4 (T )
S (2, 13) % (1.07 x 10°) - (4.95 x 10') R+ (8.61 x 10) R

- (7.23 x 10" &% + (3.12 x 10%) &

- (6.60 x 10°) R + 535 R®

where R is expressed In n. miles.

The quantity wg 1s In fact a noisy quantity. It is smoothed with
s
a Kalman Filter. The well known Separatinn Principle (Reference 4)

states that the optimal stochiastic control system consists of
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the optimal filter in cascade with the deterministic optimal controller.

Therefore, the estimate of Sw should be used. The recommended control law

is the following:

* X * *
pS, = 8 (1, Y u+5s (1, 2) w+s (1, 3) g +5 (1, 4) %

+s°Q, 5 x, (49)

X x * x *
Aéa =5 (2, 1) u+s (2, 6) B+5S (2, NDp+S (2,8 r+5(2,9 Xq

*
+5°(2, 10) x, +5 @2, 11) xg s* (2, 12) xg

+5°(2, 13) [;d - uy

] ]
(o]

*
where the elements of S are given by equations (46)-(48),

~

Wy is the smoothed estimate of Wy from the Kalman Filter

S s

Wy ijs the command from the bombing delivery calculations

S
C

and Ade and A&a are in radians.

The quantities Aée and Aﬁa must be applied over tne entire period (of

duration T seconds).




APPENDIX V
STABILITY DERIVATIVES

The following values are assumed for the longitudinal and lateral

aerodynamic terams:

s Uo(CD ' cDu)

! X ¥ o
u m
I |
i ¥ Uo(CL d CDG)
‘ xw 4 2m
, ] p 8 UO(CL + CLu)
i s Mo
: u m
‘ p s UO(CLa + CD)
z = e
w m
2
n 8 Uo CLae
ZG ; N 2m
e

’ ' 115
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atmospheric density = 0.00238 slugs/ft3

wing area = 375 ft2

wing span = 38.73 ft

mean aerodynamic chord = 10.84 ft
trim air speed = 1000 ft2
aircraft mass = 940 slugs

24,899 slugs ft2

70,497 slugs ft2

89,050 slugs ft2




!
|
i and
’ Gy . 0.0276
‘ c, = 0.0665
! ¢, = 0.022
u
oy e 0.022
u
| c = 0.0665
i s 3
c, =48
’ a
c. = 0.378
| 6
e
¢ = 0.0329
m
{ u
o
i Cm = —0.6
8
e
C = —305“
m
q
¢ = 0.773
Vg
¢ = 0.0917
Vs
i r
' Qi 0.0257
| bt |
r
| g 0.0862
r
CL 3 —0l385 ] .
P
c. = 0.0831
1 Lg
) cL6 = 0.00985
r

c = -0.0549
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APPENDIX VI
DERIVATION OF STATE EQUATION FOR 6w
Equation (23) of the text may be written as

, RX_. L vacos ns

Sw =

R +0 % -G+ ¢ R
X S X

A state equation for dw is obtained by differentiating equation (B-1):

3 d{(Sw) 5 s Wx qex ns]
Sw = = R

LW cos n ﬁ
Yy S

R2

+-

LW cos n
v s
R(Rx + L)

where it is assumed that

A state equation should be a linear function of 5w, so terms must be

rearranged:




1
TRV D [Rx “a
X ]

Now, using the fact that

ve
ey | o]
d R
8

and using equation (50), equation (52) becomes

1
RE 1
X

Sw + (

)

LW n
Y

+

‘:L RW cosn
y ]

8
R2 R

For small Euler angles,

zu({-"fe)+v(}-i’e)+w(i-ie)
3 S 8 S

z)\iu+)\ v

3

-gin n

Ai 12
\/l - sin2 ¢ cus2 n

RN e

s s
Jl. = s‘lnz ' cnnZ n
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and € and 1 are the elevation and azimuth gimbal angles, respectively.
Similarly,

Also, it can be shown that

R cos ¢

Rcose cosn+R [0 sine cos n - ¢ sin ¢ cos n
-~ n cos ¢ sin n]

Rcos € cos n-R [E sin ¢ cos n - ﬁ cos ¢ sin n] (61)

The terms in brackets in equation (55) are judged to be relatively
small. Thus, substitution of equations (56) and (59) into equation (55)
yields

RR - 2R R A

X X i
)+ ( 2 ) Gy v
X

R, A A
AR A I MO e
+[R(Rx +L)] \, +[R(Rx + L)]v

with the associated equations (57), (58), (60), and (61). But the

accelerations G and Vv are given by equations (12) and (14) of the text,

respectively, so




Y R A Rix-znix g =
Sw = (- P X oo T O B
w = ( R+ L) Sw R(R, + ) [ S +R X |u + R@E, ¥ 1 ‘

£ Uy RRx-ZRxR+RY B_R")"IUO y
R(Rx + 1) R X Vv R(Rx + L)

Rx )\j UO Y‘Sa Rx )\j UO Y‘Sr
HRER D W2t R, D 8, &

Substitution of equations (26) and (27) for Sa and Sr, respectively, into

¢quation (B-13) results in the final equation:

i iy RRx-Zinl R\ X
6 =
© = | RE®, D R tR K] U TIRR ¢ L)] 4 i

\, U [RR - 2R R R AU Y Ny
g % X _+r Y g+ | ———|p
R(R,_+ L) R X v R(R_ + L)

R_A U Y, K T T S

R A, U X o4 0 4.3 x o A
Y [ S -y S . r x+,__.j.___._.r.]x
R(Rx + L) R(Rx + L) 3 R(Rx + L) 4

R Aj u, Yér R, Aj Uo Ysr R,
+ -R(Rx -5 Xg o R(Rx 1) Xe = Cﬁ;f;~i) S (64)

Equation (64) is accompanied by equations (57), (58), (60), and (61).
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APPENDIX VII

SUPPLEMENTAL TRIAL SERIES

INTRODUCTION AND SUMMARY

A supplemental trial series was performed during the period of May
through August 1975 to explore in greater depth the impact of wind, altitude,
and task priorities on pilot performance. A total of 200 weapon delivery
task trials were conducted. These trials provided weapon delivery and pilot
workload data which may be used to further substantiate the conclusions of
the trial series.

The test conditions of the initial series were retained for the supple-
mental trials. These conditions are identified below and are described in
detail in the main body of the report as referenced.

e TDS/Simulation System - The major simulation system
features --- computed azimuth lead (CAL) steering, manual
and autopilot flight control, automatic weapon release, and
the head-up display (HUD) --- were retained for this series.

Terminal Attack Tasks - The weapon delivery tasks --- target
sighting, target acquisition, target tracking, aircraft steering,
weapon release, and external target detection --- were identi-
cal for the supplemental series.

Subjects and Training - The four pilots who have participated
in the two previous studies again served as the subjects for
this series. Familiarization with the 6000 foot altitude and
random wind conditions was provided prior to initiating the
trials.

Recorded Data - Cross-track miss distance and external light
detections were the primary data items which were recorded
and analyzed.

Three major factors were varied. The no-wind and single-crosswind
conditions were broadened to provide a random-wind situation. The altitude
ceiling was raised to 6000 feet. Finally, the operating priority under which
the individual trial was performed was varied between the primary weapon
delivery task and the detection of the light targets external to the cockpit.




The data provided by the 200 supplemental trials are presented in
detail in Tables 15 through 2uU and Figures 27 through 30. These data sup-
port the following major conclusions:

° The presence of a random-wind factor does not significantly
affect manual weapon delivery performance. The use of auto-
pilot reduced cross-track miss distances 47 percent (16.4 to
8.7 feet) in the random -wind situation. In this series, the
autopilot performance was equal to earlier no-wind trials.

When operating in a minimum time attack situation (such as
that imposed by a 6000 foot operating altitude), the autopilot
function serves to significantly improve weapon delivery per-
formance over manually controlled flight.

A predetermined task priority (weapon delivery or external
target detection) has no discernible impact on pilot perfor-
mance of either the weapon delivery task or external light
detection. It would appear that the requirements of the tac-
tical situation will be dominant in establishing task priorities
during the weapon delivery process.

WIND

The initial trial series included a set of 40 trials in which a wind
factor was added to the trial conditions. The value which was used was
270 degrees at 40 knots -- a left crosswind component. The wind factor
was the same for all 20 trials. Weapon delivery accuracies were virtually
identical for the wind factor series when compared to no-wind trials when
flying manually, Workloads did, however, show a significant increase when
the wind factor was present.

In further analysis of these data, the impact of training was considered.
Did the pilots perform well in the wind situation because they had learned the
correct action for the given wind condition? This query prompted the expan-
sion of the single-wind condition to a somewhat random set of five wind con-
ditions. Crosswinds of 270 degrees/40 knots, 315 degrees/20 knots,
45 degrees /20 knots, and 90 degrees/40 knots plus a no-wind condition
were presented to the pilot in random order through his set of 20 trials
(ten manual, ten autopilot)., This approach forced the pilot to react to the
steering commands on the HUD rather than being able to anticipate the
required corrections.

The results of the random -wind trials were again virtually identical
to the no-wind and fixed-wind conditions when flying manually. However,
when using the autopilot in the random-wind condition, the cross track miss
distances were comparable (8.7 to 8.5 feet) to the results achieved in the
no -wind condition (Table 1). This would indicate that the autopilot control
technique used in the similation system is capable of completely neutralizing
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TABLE 19. 6000 FOOT, RANDOM WIND CROSS-TRACK
MISS DISTANCES

Manual
Flight Control Autopilot

1 36.9 23,2
2 50,4 22,4

Average 43,7 228

TABLE 20. 6000 FOOT/RANDOM WIND MISSED LIGHTS,
percent !

Manual
Subject Flight Control Autopilot

1 34,5 13,2
2 48, 9 39.3

Average 41,7 26, 3

the impact of wind conditions. In so doing, a significant (47 percent) improve-
ment in weapon delivery accuracy may be realized through use of autopilot
control,

External target detection performance (Table 16) remained relatively
constant for all trials where wind was a factor, As indicated in the initial
trial series, there is a significant increase in workload in terms of the per-
centage of missed lights (no wind-19. 3 percent, fixed wind-32.8 percent,
random wind-31, 8 percent) when a wind factor is present,

ALTITUDE

The increase of altitude from 1000 to 5000 feet and the resulting
decrease in the time available for target designation and steering corrections
to the weapon release point had a twofold impact on pilot performance. Wea-
pon delivery accuracies decreased, and pilot workloads increased, The
impact was most significant when the pilot was flying manually.

A supplemental trial series of 80 trials was directed to an examination
of pilot performance at a maximum detection altitude., Using a 5 miles
simulated detection range and an 11 degree down HUD field of view, the maxi-
mum detection altitude is approximately 6000 feet, At this altitude, the pilot
has an interval of from 3 to 5 seconds to acquire the target following its
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initial appearance, and approximately 10 seconds to make any required steering
corrections to the weapon release point, It is only because of the provision
for the off-HUD symbology that the attack can be made at these geometries,

Overall performance at 6000 ‘eet (Table 17) was virtually identical to
that which was recorded for the 5000-foot series, Cross-track miss distance
when flying manually at 6000 feet averaged 30,9 feet as compared to 28. 2 feet
for the 5000-foot trials, These data confirm the previous conclusion that
reduced operating time imposed by increased operating altitude adversely
affects weapon delivery performance.

When operating on autopilot, the 11,1 foot average cross-track miss
distance again confirmed the capabilities of automatic flight control in signi-
ficantly improving weapon delivery performance over that achieved when
flying manually,

Pilot workloads in terms of external target detection were significantly
influenced when flying manually at 6000 feet (Table 18). At this altitude
36,1 percent of the lights were missed (37.3 percent at 3000 feet), reflecting
a major increase over the 19, 3 percent missed when operating at 1000 feet,

In summary, the reduced operating times imposed by :igher flight
altitudes reduce weapon delivery accuracies and increase workloads when
flying manually, When autopilot flight controls features are available, com-
parable performance levels may be maintained through the available operating
altitudes,

WIND/ALTITUDE

A final series of 40 trials which combined the 6000 foot and random
wind conditions were performed by two of the four pilot subjects. It was anti-
cipated that the severe demands imposed by this combination of conditions
would significantly influence both weapon delivery accuracies and pilot
workload,

The limited data reflected in Table 19 indicates that the combination of
a random wind and a maximum operating altitude has virtually an additive
impact on weapon delivery performance., Average cross-track miss distar.ce
when flying manually was 16,4 feet in a random-wind condition, and 30,9 feet
when operating at 6000 feet, When the factors were combined, an average
cross-track miss distance of 43,7 feet was recorded. Similarly an average
of 8,7 feet (wind) and 11,1 feet (6000 feet) may be compared to an average of
22, 8 feet when operating on autopilot under the combined wind /altitude
conditions,

Workloads in terms of missed lights were comparable to those recorded
for combination trials of the initial series. The 41.7 percent {(manual flight
control) and 26.3 percent (autopilot) (Table 20) accurately reflect the increased
demand placed on the pilot in the more severe operating environment,




TASK PRIORITIES

The priority which the pilot assigns to the various tasks resident in
the weapon delivery trial was an additional variable that was considered in
the supplemental trial series, During the wind and altitude trials, the pilot
was asked to vary his task priorities through each set (for a total of four sets)
of 10 trials as follows:

Number of Trials Primary Secondary
4 Weapon Light
Delivery Detection
4 Light Weapon
Detection Delivery
2 Both Both

Figures 27 through 30 are plots of 40 runs (some data points repre-
sent two runs) each for the four pilot subjects. Each set of 40 includes 20
runs in which the altitude was fixed at 1000 feet and random wind was ap-
plied, and 20 runs in which the altitude was raised to 6000 feet. In addition,
for 16 runs the pilot was instructed to concentrate primarily on weapon
delivery and secondarily on his side task. For another 16 runs the order
was reversed; the pilot was instructed to concentrate primarily on the side
task and secondarily to weapon delivery. In the remaining eight runs, the
pilot subjects were instructed to divide their attention equally between the
two tasks. In all cases the pilots were instructed to try to maintain a con-
stant total effort. It was intended by this means to develop empirically a
relationship between pilot workload and pilot performance. From the scatter
in the data in Figures 27 through 30, no such relationship is evident. It is
suspected that, although explicit instructions were given, the pilot subjects
have a desire to perform well in weapon delivery that is difficult to subordi-
nate. The data for test subject 2 exhibits to a slight degree the expected
relationship between workload and performance.

What is evident in the data, however, is that whatever the skills of
the individual subjects, the automatic mode is an equalizer providing con-
sistent steering accuracy under 25 feet. The manual steering results reflect
the individual skills of the pilots.
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